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Summary 


Microwave  energy  has  long  been  known  to  be  a  potentially  fast  and  efficient  source  of  energy 
for  heating  various  materials.  It  was  proposed  that  coupling  of  microwave  energy  into  materials 
during  processing  involves  much  more  than  just  shortening  the  heat-up  time  relative  to 
conventional  processing  and  it  is  considered  to  have  the  potential  to  provide  an  additional  degree  of 
control  over  morphology,  structure,  and  mechanical  behavior.  This  report  summarizes  a 
multidisciplin^  research  program  sponsored  by  the  Defense  Advance  Research  Project  Agency 
(DARPA)  which  has  been  managed  %  the  Materials  Directorate,  Wright  Laboratory,  and  >&my 
Research  Office.  Many  fundamental  issues  relating  to  the  influence  of  microwave  energy  on 
chemistry  and  mechanical  behavior  have  been  investigated  and  are  reported  herein.  Technology 
development  has  been  particularly  focussed  on  polymeric  and  composite  materials  processing.  The 
research  has  included  efforts  at  two  universities,  Virginia  Polytechnic  Institute  and  State  University 
and  Michigan  State  University.  Research  has  also  been  conducted  at  the  Wright  Laboratory,  the 
Foster  Miller  Company  and  the  Aerospace  Materials  Development  group  at  McDonnell  Douglas 
Research  Laboratory.  The  fundamental  aspects  of  the  chemistry  and  polymeric  materials  was 
initiated  at  Virginia  Tech.  An  initial  design  of  an  applicator  wiA  a  closed  loop  control  was 
constmcted  at  Michigan  State  University  so  that  coupling  of  the  microwave  energy  into  polymeric 
materials  could  be  studied  in  a  controll^  manner.  As  the  program  evolved,  aspects  of  both  areas 
were  studied  at  the  two  imiversities.  A  major  result  of  this  program  was  the  generation  of 
technical  papers  which  have  been  recently  published  in  the  Materials  Research  Society  symposia 
proceedings.  Volume  189, 1991.  The  proceedings  are  entitled  "Microwave  Processing  of 
Materials"  and  was  edited  by  W.  W.  Snider,  W.  A.  Sutton,  M.  F.  Iskander,  and  D.  L.  Johnson. 

The  papers,  which  were  supported  by  the  DARPA  effort,  are  included  in  this  final 
as  an  appendix  in  an  attempt  to  provide  overall  continuity.  The  main  part  of  this 
report  has  been  organized  into  sections  which  describe  efforts  complementary  to 
the  published  papers  provided  in  the  Appendix. 

At  Virginia  Tech,  the  co-principal  investigators  have  used  the  applicator  developed  at 
Michigan  State  for  the  microwave  processing  of  polymeric  materials.  Many  interesting  phenomena 
were  identified.  For  example,  the  rates  of  crosslinlong  reactions  encountered  in  epoxy, 
bismaleimide,  and  nadimide  (PMR-15,  etc.)  curing  to  generate  network  or  thermoset  materials  has 
been  investigated.  It  is  invariably  much  more  rapid  via  microwave  relative  to  traditional  thermal 
processing.  It  appears  possible  to  obtain  rather  fully  cured  epoxy  networks,  for  example,  in 
approximately  10  minutes.  The  analogous  systems  under  conventional  conations  would  take 
hours  by  comparison.  There  appears  to  be  the  potential  for  selective  chemistry.  For  example, 
solution  imidization  can  be  preferred  relative  to  acetylene  cured  network  formation,  even  when 
both  groups  are  on  the  same  molecule!  This  is  no  doubt  because  of  the  more  polar  nature  of  the 
imidization  reaction.  Such  effort  has  potential  for  providing  a  major  new  control  dimension  over 
polymer  synthesis  and  processing.  The  same  efforts  could  be  applied  to  small  molecule  e.g., 
monomer  chemistry.  Some  effort  in  new  monomer  synthesis  was  conducted  during  this  program 
and  novel  chemistries  identified  are  summarized  in  the  report.  The  second  area  of  materials 
development  is  the  generation  of  ceramers  (polymer  modified  ceramics)  and  this  has  been 
investigated  extensively  during  this  program.  In  general,  one  can  conclude  that  property 
development  in  these  important  hybrid  materials  can  be  accomplished  in  minutes  instead  of  the 
traditional  "days."  Efforts  were  also  generated  at  understanding  the  mechanism  for  heating  of 
thermoplastics.  Extensive  studies  resulted  in  the  definition  of  tire  terminology  "microwave 
calorimetry." 
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I.  INTRODUCTION 


Recent  advances  in  space  and  otfier  technologies  have  produced  a  continuing  and  growing 
demand  for  high  performance  polymeric  materials  that  can  withstand  prolonged  exposures  to  high 
temperatures.  These  materials  must  possess  excellent  mechanical  properties,  solvent  resistance  and 
dimensional  stability  over  a  wide  tem|wrature  range.  Typically,  these  nwterials  (usually 
thermosetting  resins)  are  extremely  (Micdt  to  process,  often  requiring  slow  thermal  ramp  rates  to 
negate  temperature  gradients  and  to  control  the  highly  exothermic  nature  of  the  polymerization, 

A  possible  solution  to  these  processing  problems  may  be  microwave  processing. 
Electromagnetic  radiation  (EMR)  processing  results  in  rapid  volumetric  heating  being  due  to  a 
combination  of  the  large  penetration  depth  of  microwave  radiation  and  to  the  unique  mechanism  of 
microwave  absorption  (i.e.,  electric  dipolar  coupling  to  permanent  dipole  moments).  Indeed,  the 
utilization  of  microwave  radiation  is  currently  found  in  many  applications  including  food 
processing/cooking  [1-9],  drying  of  lumber  and  paper  [7,8],  the  sterilization  of  m^cal  equipment 
[1,9],  and  more  recently  in  the  processing  of  ceramics  [9,10],  polymers  [1 1-64]  and  composite 
materials  [37-42]. 

In  the  current  investigation,  the  feasibility  of  utilizing  a  controlled  electromagnetic  field  in  a 
single-mode  microwave  applicator  to  process  high  performance  thermosets  and  nonreactive 
thermoplastic  blends  was  examined.  The  next  section  describes  the  processing  of  both  neat  and 
thermoplastic-modified  epoxy  resin  networks  as  well  as  functionaliz^  poly(arylene  ether  ketone)s 
by  microwave  and  classical  thermal  treatments.  In  Chapter  Three,  the  influence  of  chemical 
structure  on  miscibility  and  physical  property  behavior  in  blends  of  poly(arylene  ether  ketone)  with 
poly(aryl  imide)  homo-  and  copolymers  is  discussed.  In  addition,  microwave  processing  of 
selected  blends  is  utilized  to  demonstrate  the  principles  of  "microwave  calorimetry." 


II.  MICROWAVE  PROCESSING  OF  HIGH  PERFORMANCE  POLYMERIC 
NETWORKS 

2.0.  Introduction 

Most  molecules  arc  polarizable  upon  exposure  to  electromagnetic  radiation  (Figure  1).  At  the 
molecular  level  there  are  four  possible  components  of  polarization;  Figure  2  depicts  the  general 
relationship  of  the  dielectric  constant  and  the  dielectric  loss  factor  as  a  function  of  the  applied 
frequency  for  a  polar  molecule.  At  high  frequencies,  electronic  and  atomic  polarization  occur. 
Electronic  polarization  is  observed  because  of  a  displacement  of  the  electrons  around  the  nuclei  in 
each  atom.  Typically,  the  time  required  for  electronic  polarization  is  approximately  10-15  seconds, 
which  corresponds  to  a  fi-equency  of  ultraviolet  radiation  (Figure  1).  Atomic  polarization,  on  the 
other  hand,  arises  firom  the  displacement  of  the  atomic  nuclei  relative  to  one  another,  and  occurs  in 
a  time  frame  of  10-13  seconds,  corresponding  to  the  frequency  of  infrared  radiation  (Figure  1).  In 
heterogeneous  systems  interfacial  polarization  (also  known  as  space  charge  or  Maxwell-Wagner 
polarization)  is  also  possible.  Interfacial  polarization  occurs  at  very  low  frequencies  and  arises 
from  a  charge  build-up  in  the  interfaces  between  components  [65-72]. 

The  largest  dielectric  loss  transition  evident  in  Figure  2,  however,  is  due  to  orientation 
polarization  (or  dipolar  relaxation).  Orientation  polarization  results  arc  due  to  flie  interaction  of 
molecules  with  an  electromagnetic  field.  Under  normal  conditions,  polar  molecules  possessing 
permanent  dipole  moments  arc  randomly  oriented.  However,  in  the  presence  of  an  electric  field, 
the  polar  molecules  line  up  with  the  field  As  an  alternating  field  is  applied,  the  polarity  of  the  field 
is  varied  at  the  microwave  fi^uency,  and  the  molecules  attempt  to  align  themselves  with  the 
changing  field  as  depicted  schematically  in  Figure  3.  This  rcsidts  in  a  rotation  of  the  molecules,  and 
a  conversion  of  the  electrical  energy  into  thermal  energy  (or  heat)  [1,65,69-71]. 

With  long  chain  maciomolwies  the  same  general  mechanism  applies;  however,  the  dipolar 
groups  are  covalently  bonded  in  either  the  backbone  structure,  as  pendant  groups  or  as  endgroups. 
Thus,  instead  of  a  dielectric  loss  transition  from  a  single  molecule,  a  dielectric  loss  dispersion 
corresponding  to  the  sum  of  many  relaxation  processes  must  he  considered  Polymers  usually 
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Figure  1.  Electromagnetic  spectrum. 


Figure  2.  Schematic  diagram  representing  the  dielectric 
spectra  for  a  polar  molecule  [71]. 


Figure  3.  A  molecular  dipole  in  an  alternating 
electrical  field  [65]. 


exhibit  more  than  one  dielectric  loss  dispersion;  the  largest  dielectric  loss  transition  is  generally  die 
a  transition  (i.e.  primary  dispersion).  TTiis  dispersion  involves  the  co-operative  motion  of  main- 
chain  segments  associatoi  with  the  glass  transition.  Other  relaxation  transitions  nmy  be  found  at 
lower  temperatures  (or  higher  fr^uenci^)  where  the  segments  of  the  main-chain  are  practically 
immobile.  TTiese  are  called  secondary  dispersions  and  are  designated  by  p,  ete.,  in  order  of 
decreasing  temperature  (or  increasing  frequency).  The  p  transition  is  associated  with  smaller  more 
mobile  polymeric  units  such  as  side  chains,  chain  ends,  or  even  individual  atomic  groups  (e.g. 
polar  substituents)  [66-69].  All  dielectric  loss  transitions  are  a  function  of  both  temperature  and 
frequency;  this  dependency  will  be  addressed  in  detail  in  Section  3.2.4.. 

The  dielectric  power  absorption  of  a  material  is  given  by  the  equation: 

P  =  KfE2e'(T)tan5(T)  (1) 

where  P  is  the  power  dissipation,  K  is  a  constant,  f  is  the  applied  frequency,  E  is  the  electric  field 
strength,  e'  is  the  relative  ^electric  constant  and  tan  8  is  the  loss  tangent  The  electromagnetic  field 
energy  dissipated  as  heat  per  unit  volume  is  seen  to  be  a  function  of  both  the  properties  of  the 
energy  source  (i.e.,  field  strength  and  frequency)  and  material  properties  (i.e.,  dielectric  constant 
and  loss  tangent).  Increasing  the  values  of  any  of  these  factors  increases  the  amount  of  energy 
converted  [1,65]. 

If  convection  losses  and  conductive  heating  effects  are  ignored,  the  heating  rate  of  a 
nonreactive  material  placed  in  an  electromagnetic  field  can  be  described  by  the  relationship: 

dT  KfE^e’CntanSfO 

"ar - ^c;; - 

where  p  is  the  density  of  the  material,  Cy  is  the  specific  heat  and  the  other  parameters  are  the  same 
as  in  l^uation  1.  Therefore,  the  heating  rate,  dT/dt,  of  a  material  is  directly  dependent  on  the 
square  of  the  electric  field  strength,  the  applied  frequency  and  the  dielectric  loss  factor  (e'tanS)  of 
the  material,  which  is  a  function  of  temperature  [1,4-6,65]. 

Because  of  the  unique  mechanism  of  microwave  heating,  a  number  of  advantages  for 
microwave  processing  exist  over  conventional  thermal  processing  techniques,  particularly  when 
thick  cross-sectioned  parts  are  involved.  In  such  cases,  very  slow  temperature  increases  are 
conventionally  utili2»d  to  negate  thermal  gradients  through  the  material  during  processing.  When 
microwave  radiation  is  used,  however,  the  absorption  of  energy  is  more  uniform  with  depth,  and 
thus  the  polymer  can  be  heated  significantly  faster  while  maintaining  good  thermal  uniformity, 
ftocessing  of  this  type  may  result  in  a  reduction  of  residual  stress  and  superior  mechanical 
properties.  Other  advantages  with  microwave  processing  include:  significantly  reduced  cure 
cycles  in  thermosets,  increased  throughput,  and  substantially  reduced  capital  and  operating  costs 
(since  only  the  sample  is  heated  rather  than  the  surrounding  air,  oven  walls,  etc.).  And,  there  is 
tile  possibility  of  selective  chemistry  because  of  the  nature  of  microwave  absorption. 


2.1.  Literature  Review 

2.1.1.  Microwave  Processing 

2. 1 . 1 . 1 .  Epoxy  Resin  Networks 

The  majority  of  the  literature  dealing  with  the  utilization  of  microwave  radiation  to  process 
polymer  materials  has  emerged  in  the  past  10  years.  The  most  highly  investigated  systems  are 
thermosetting  epoxy  resin  networks  [11-28].  Gourdenne  [62]  and  co-workers  have  expnined  the 
influence  of  both  continuous  and  pulsed  electromagnetic  radiation  (EMR)  on  the  crosslinking  of  the 
diglycidyl  ether  of  bisphenol  A  (DGEBA)  with  4,4*-diaminodiphenylmethane  (DDM)  [1 1-14]. 
Employing  continuous  microwave  radiation,  Gourdenne  et  al.  demonstrated  that  epoxy  resin 
networks  could  be  effectively  cured  with  efficiency  at  least  equivalent  to  classical  heating.  Pulred 
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EMR  processing,  however,  demonstrated  accelerated  reaction  rates  over  both  the  continuous  and 
classical  heating  techniques.  Temperature  and  dielectric  loss  as  a  function  of  time  demonstrated  that 
both  the  heating  rate  and  time  to  gelation  were  enhanced  over  the  continuous  processing  technique 
(at  the  same  average  power).  This  suggested  that  the  discontinuous  (i.e.,  pulsed)  radiation  coupled 
with  the  sample  more  effectively  than  Ae  continuous  radiation.  Gouitienne  et  al.  proposed  a 
double  relaxation  mechanism  to  explain  this  phenomenon.  The  double  relaxation  postulate 
suggests  a  synergistic  effect  between  the  electromagnetic  field,  which  couples  wiA  the  dipoles,  and 
the  pulse  emission  frequency,  which  induces  a  dielectric  relaxation  in  the  oligomeric  epoxy 
(associated  with  the  motions  of  short  chain  segments)  [1 1-14]. 

In  order  to  investigate  the  double  relaxation  postulate,  Gourdenne  et  al.  varied  both  the 
frequency  [13]  and  length  [14]  of  the  pulsed  electromagnetic  emissions.  The  results  indicated  that, 
indeed,  the  acceleration  of  the  heating  process  was  dependent  on  pulse  frequency  since  the  heating 
rate  was  found  to  be  more  highly  activated  at  certain  frequencies.  A  pulse  length  dependency  was 
also  discovered.  Gourdenne  and  co-workers  identified  a  critical  pulse  length/pulse  period  (i.e.,  the 
inverse  of  pulse  frequency)  ratio  of  1/5  which  they  proposed  corresponds  to  a  compromise 
between  the  dipolar  (continuous  mode)  and  segmental  pulsed  mode)  relaxations.  Experimental 
results  demonstrated  that  if  the  ratio  was  significantly  lower  than  1/5,  the  accelerated  heating  effect 
was  diminished.  They  attributed  this  to  a  delayed  diffusion  of  the  localized  heating  effect  (i.e., 
dipolar  heating)  through  the  resin/curing  agent  mixture,  because  of  the  shortness  of  the  pulse.  At 
very  high  pulse  length^ulse  period  ratios  (greater  than  1/5),  the  pulsed  radiation  behaved  in  a 
manner  analgous  to  continuous  microwave  radiation  where  heating  was  purely  dipolar  in  nature 
[13,14]. 

Jullien  [44]  and  co-workers  have  also  investigated  the  processing  of  epoxy  resin  networks 
with  both  continuous  and  pulsed  microwave  radiation.  They  obtained  results  similar  to  those  of 
Gourdenne  et  al.,  demonstrating  that  pulsed  EMR  was  more  effective  than  continuous  microwave 
radiation  in  crosslinking  epoxy  resin  networks  at  the  same  average  power  [15,16].  Jullien  et  al. 
discovered  that  network  conversion  was  more  dependent  on  specific  pulse  fitequencies  and  lengths 
rather  than  the  actual  cure  temperature  during  EMR  processing.  Indeed,  some  of  their  highest 
conversions  were  achieved  at  the  lowest  microwave  cure  temperatures,  thus  suggesting  more 
efficient  energy  transfer  to  the  dipolar  sites  at  certain  pulse  fr^uencies  and  lengths  [15,16]. 

Jullien  and  co-workers  attributed  the  enhanced  curing  rates  achieved  with  the  pulsed 
microwave  radiation  to  homopolymeiization  of  the  DGEB  A  epoxy  reactant.  They  proposed  that 
the  pulsed  radiation  actually  catalyzed  the  homopolymerization  of  the  DGEBA  epoxy  reactant  over 
the  more  traditionally  activated  epoxide/diamine  reaction,  as  shown  in  Figure  4,  such  that  a 
combination  of  the  two  reactions  occurred  during  network  formation  [15,16].  Evidence  for  the 
existence  of  homopolymeiization  in  the  crosslinked  networks  was  provided  by  FTIR  and  solid 
state  NMR  characterization  [15,16]. 

Researchers  at  Michigan  State  University  demonstrated,  utilizing  stress-strain  evaluation,  that 
continuous  microwave  radiation  may  be  employed  to  achieve  mechanical  properties  comparable  to 
conventional  thermal  curing  techniques  in  epoxy  resin  networks  [17,18].  More  recently,  Jow  and 
Hawley  [40]  have  shown  that  the  highly  exothermic  nature  of  epoxy  resin  reactions  may  be 
control!^  through  computer-pulsed  microwave  processing  [19,20].  This  technique  is  significantly 
different  from  the  previously  discussed  pulsed  EMR  experiments,  since  both  the  pulse  length  and 
period  are  many  orders  of  magnitude  larger  (i.e.,  on  the  order  of  a  few  seconds)  with  this 
experimental  arrangement.  Hawley  et  al.  [21]  demonstrated  that  the  typical  temperature  rise  that  is 
due  to  the  exotherm  of  polymerization  may  be  essentially  eliminated  with  the  slow-pulse  EMR 
technique.  This  is  highly  advantageous  as  it  allows  for  higher  cure  temperatures  without  thermal 
degradation,  and  thus  provides  the  possibility  of  achieving  a  higher  Tg  in  the  cured  component. 
Jow  and  Hawley  have  also  develop^  a  dielectric  analysis  technique,  using  a  single-mode 
microwave  applicator,  to  measure  the  dielectric  properties  (permittivity  and  dielectric  loss  factor)  of 
the  sample  during  cure  at  microwave  frequencies.  This  in  situ  characterization  technique  provides 
essential  information  about  how  the  dielectric  properties  of  the  sample  vary  with  cure  at  a 
frequency  of  2.45  GHz  [19,21,22]. 
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Figure  4.  Polymeriratlon  of  epoxy  resin  networks.  {bl)  Hotnopolyinerira- 
tion  of  the  DGEBA  epoxy  reactant,  (b)  The  more  coiwnon  and 
highly  activated  epoxide/diamine  reaction. 
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2. 1.1.2.  Epoxy  Resin  Composites 

The  microwave  processing  of  epoxy  resin  composites  is  another  highly  active  area  of 
research  [29-42].  The  influence  of  filler^structural  supports  on  the  EMR  processability  of  epoxy 
resins  is  dependent  on  whether  or  not  the  additive  is  conductive.  Gourdenne  [29]  and  co-workers 
demonstrated  that  nonconductive  dopants,  such  as  glass  fibers,  behave  as  diluents  and  actually 
reduce  the  rate  of  reaction  by  delaying  the  exotherm  of  polymerization.  However,  this  is  not  Ae 
situation  for  conductive  dopants.  Raj  [30]  demonstrated  that  the  rate  of  heating  in  microwave 
processed  epoxy  resins  may  be  accelerated  by  the  incorporation  of  iron  powder.  The  microwave 
heatability  of  a  neat  epoxy  resin  mixture  composed  of  DGEBA  with  diaminodiphenylsulfone  and 
several  epoxy/iron  (powder)  composites  as  a  function  of  iron  composition  is  shown  in  Figure  5. 
The  general  shape  of  the  temperature-time  cure  given  in  Figure  5  was  the  same  in  all  cases 
(although  varying  in  magnitude  significantly).  Three  observable  regions  were  evident 
corresponding  to  the  heating  of  the  reactants,  followed  by  a  rapid  temperature  increase  with  the 
reaction  exotherm,  and  finaJly  by  a  cooling  period  and  leveling  off  effect  as  energy  loss  by 
convection  and  heating  because  of  microwave  absorption  reached  an  equilibrium  state  in  the 
sample.  The  heating  rates  shown  in  Figure  5  were  enhanced  as  the  percentage  of  iron  powder 
increased.  This  was  attributed  to  a  combination  of  dipolar  effects  (orientation  polarization)  and 
conductive  heating  effects,  due  to  the  interaction  of  the  electric  field  with  the  iron  powder.  The 
magnitude  of  the  conductive  effect  was  a  function  of  iron  composition  in  the  resin  as  is  shown  in 
Figure  5  [30].  Similar  results  have  been  reported  by  Gourdenne  [31-35]  et  al.  with  other 
conductive  dopants  such  as  aluminum  [31-33],  copper  [34]  and  carbon  black  [35]. 

The  EMR  processing  of  continuous  carbon  fiber  reinforced  composite  laminates  have  also 
been  investigated.  However,  because  of  the  conductive  nature  of  the  continuous  graphite  fibers, 
processing  is  considerably  more  complicated.  Indeed,  numerous  processing  problems  have  been 
reported  such  as  arcing  and  localized  exotherms.  Lee  and  Springer  [36-38]  conducted  a  systematic 
investigation  of  the  interaction  of  microwave  radiation  with  composite  laminates.  Utilizing  glass 
fibers  as  reinforcement,  processing  control  was  reported  to  be  relatively  straightforward  [36-38]. 
However,  when  carbon  fiber  reinforcement  was  employed,  the  ability  of  the  microwave  radiation 
to  interact  with  the  laminate  was  dependent  on  the  ply  orientation  and  the  polarization  angle  of  the 
EMR  field  [36-38].  Utilizing  a  polarized  transverse  electromagnetic  wave  (TEM  wave)  in  a 
rectangular  wave  guide,  Springer  [36-38  et  al.  observed  that  the  electromagnetic  wave  must  be 
perpendicular  to  the  alignment  of  the  fiber  orientation  (i.e^possess  a  polarization  angle  of  90°C),  as 
shown  in  Figure  6,  to  obtain  maximum  penetration  and  absorption  of  the  electromagnetic  radiation. 
Orientation  of  the  fibers  parallel  to  the  transverse  wave  (i.e.  polarization  angle  of  0°)  resulted  in 
complete  reflectance,  wlule  polarization  angles  between  0°C  and  90°C  provided  varying  degrees  of 
absorption.  Additionally,  it  was  observed  that  multidirectional  composite  laminates  were  not 
effectively  cured  by  microwaves  [36-38]. 

Recent  results  obtained  by  Chen  and  Lee  [39]  and  Hawley  et  al.  [40,41],  however, 
demonstrated  that  the  reflectance  problem  associated  with  the  fiber/EMR  wave  orientation  may  be 
overcome  by  utilizing  a  standing  wave  generated  in  a  single-mode  applicator  [39,40,41].  Hawley 
[40, 41]  et  al.  reported  that  3-inch  square,  24  ply,  unidirectional  composite  laminates  have  been 
successfully  processed  using  this  technique.  Furthermore,  it  has  been  suggested  by  Drzal  [42]  et 
al.  that  selective  heating  of  the  fiber  over  the  epoxy  resin  matrix  caused  by  dissimilar  dielectric 
properties  between  the  conductive  carbon  fibers  and  the  epoxy  resins,  actually  improves  interfacial 
adhesion.  However,  experimental  methods  still  need  to  devised  for  the  application  of  pressure 
to  the  laminate  during  EMR  processing  to  optimize  mechanical  property  performance  [40,41]. 


2. 1.1.3.  Polyurethane  Polymerizations 

Gourdenne  [43]  et  al.  have  reported  synthesizing  polyurethanes  from  diisocyanates  and 
polyethertriol  prepolymers  utilizing  continuous  microwave  radiation.  The  polyurethane  networks 
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generated  demonstrated  equivalent  mechanical  properties  (as  measured  by  the  elastic  compression 
modulus)  to  networks  cured  with  classical  thenW  treatments  [43]. 

Polyurethane  curing  by  pulsed  microwave  fields  has  also  been  reported  [44].  JuUian  and 
Valot  [44]  investigated  the  curing  behavior  of  polyurethane  prepolymers  in  ethyl  acetate  solutions 
(25%  solids  content).  Pulsed  microwave  radiation  was  employed  to  rapidly  evaporate  the  ethyl 
acetate  and  cure  the  remaining  thin  film.  Interestingly,  Jullien  [44]  et  d.  found  that  both  the  energy 
transfer  and  hardness  of  the  cured  films  correlated  with  the  pulse  frequency.  At  specific  pulse 
repetition  frequencies  the  energy  transfer  in  the  thin  films  was  enhanced.  Jullien  et  al.  attributed 
the  enhancement  to  the  excitation  of  a  low-frequency  dielectric  relaxation  in  the  polyurethane 
induced  by  the  microwave  pulse  modulation,  in  a  fashion  similar  to  that  proposed  by  Gourdenne 
[1 1-14]  et  al.  with  regard  to  epoxy  resin  networks.  The  correlation  of  film  hardness  with  the  pulse 
frequency,  independent  of  cure  temperature,  was  suggested  by  Jullian  et  al.  [44]  to  be  due  to 
either  a  higher  extent  of  reaction  or  possibly  to  the  formation  of  a  different  polymeric  stmcture, 
since  the  EMR  processed  resins  exWbited  higher  film  hardness  values  than  urethane  networks 
cured  with  conventional  thermal  treatments. 


2. 1.1.4.  Synthetic  Rubbers 

In  the  early  1970's  microwave  processing  was  explored  as  a  possible  technique  for  the 
continuous  vulcanization  of  synthetic  rubber  [45-50].  Electromagnetic  radiation  is  the  only  suitable 
means  of  curing  thick  rubber  sections  rapidly.  Schwarz  et  al.  [45,46]  and  Ippen  et  al.  [47] 
performed  extensive  investigations  on  the  effects  of  compounding  (i.e.,  the  additions  of  clay, 
carbon  black,  monomeric  reagents,  etc.)  on  the  microwave  absorption  characteristics  of  the 
synthetic  rubber.  Their  results  demonstrated  that  microwave  absorptivity  could  be  effectively 
controlled  by  judicous  selection  of  the  compounding  ingredients.  Indeed,  several  synthetic  rubber 
formulations  were  cured  quickly  and  efficiently,  giving  mechanical  and  electrical  properties 
equivalent  to  those  obtained  by  traditional  curing  techniques  [45-47]. 


2. 1 . 1 . 5 .  Microwave  Heat-Drawing 

Another  unique  application  of  microwave  processing  employs  electromagnetic  radiation 
heating  in  combination  with  tensile  drawing  to  orient  semicrystaUine  polymers.  The  experimental 
apparatus  utilized  with  this  technique  is  depicted  schematically  in  Figure  7.  Unoriented 
semicrystalline  polymeric  tapes  are  drawn  through  a  circular  microwave  waveguide  at  a  specific 
strain  rate  and  electric  field  strength  at  ambient  temperature.  Nakagawa  [51-59]  et  al.  have  studied 
several  different  homo-  and  copolymers  subject^  to  microwave  heat-drawing  including: 
poly(oxymethylene)  [51-57],  poly  (ethylene  terephthalate)  [58],  poly  (vinyl  alcohol)  and  ethylene- 
vinyl  alcohol  copolymers  [59]  and  poly(ethylene  terephthalate-co-p-oxybenzoate)  [58].  The  results 
of  Aese  investigations  have  shown  that  ultra  high-modulus  polymers  are  generated  in  comparison 
to  traditional  drawing  techniques  (e.g.,  tensile  drawing,  hydrostatic  extrusion  and  die  drawing). 
For  instance,  microwave  heat-drawing  of  poly(oxymethylene)  has  resulted  in  a  Young's  modulus 
of  60  GPa;  this  value  is  approximately  double  the  modulus  value  achievable  with  traditional 
orienting  techniques.  Nakagawa  et  al.  suggested  the  ultra  high-moduli  generated  with  microwave 
heat-drawing  is  because  the  fact  that  the  applied  tensile  stress  is  more  effective  at  orienting  the 
molecular  chains  in  the  amorphous  regions  of  the  polymers,  since  these  regions  are  preferentially 
heated  over  the  crystalline  regions  during  microwave  irradiation  [56,57]. 


2. 1.1.6.  Radical  Polymerizations 

Gourdenne  [60-62]  et  al.  have  demonstrated  that  vinyl  monomers  possessing  sufficient 
polarity  may  be  polymerized  using  electromagnetic  radiation  heating.  Both  2-hydroxyethyl 
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Figure  7,  Apparatus  for  drawing  undsr  nicrowave  heating:  (1)  drawing 
sasiple,  (2)  feed  reel/  <3)  belt  feeder/  (4)  aiicrowaire 
heating  apparatus/  (5)  i^crowave  power  source/  (B)  rect¬ 
angular  waveguide  for  jointing/  C*^)  circular  %«veguid#  for 
Bicrowave  heating/  (8A,  88/  9A  and  fB)  circular  waveguides 
for  impedance  Batching,  (10)  dummy  load,  (11)  belt  take-up 
machine,  and  (12)  take-up  reel  (51). 
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methacrylate  [60,61]  and  mixtures  of  unsatiirated  polyesters/styrene  [61,62]  have  been  reported  to 
undergo  free  radical  reactions  in  bulk  without  initiators  using  microwave  processing. 
Polymerization  was  attributed  to  thermal  activation  of  unsaturated  sites  and  not  to  bond  cleavage 
from  microwave  irradiation. 


2. 1.1. 7.  Imidization  Reactions 

Lewis  [63-64]  et  al.  have  demonstrated  that  polyamic  acids  based  on  3,3'- 
diaminodiphenylsulfone  (3,3'-DDS)  and  benzophenone  tetracarboxylic  dianhydride  (BTDA)  may 
be  imidized  from  N-methylpyrrolidinone/cyclohexylpyrrolidinone  solutions  utilizing  microwave 
radiation  as  depicted  in  Figure  8.  In  fact,  kinetic  studies  from  FTIR  experiments  demonstrated  that 
the  reaction  rate  was  accelerated  20  to  34-fold  compared  with  thermal  reactions  at  equivalent 
temperatures.  Furthermore,  the  activation  energy,  generated  from  an  Arrhenius  plot  (Figure  9), 
was  found  to  be  reduced  from  105  ±  14  kJ  mole-’  to  57  ±  5  kJ  mole-’  when  microwave  radiation 
was  employed  [63,64]. 

Rather  than  a  true  reduction  in  the  activation  energy,  Lewis  et  al.  proposed  that  the  "effective 
temperature"  of  the  dipole  moments,  which  couple  with  the  electromagnetic  field,  was  higher  than 
the  bulk  temperature  measured  by  the  fiber  optic  temperature  sensor.  By  comparing  the  reaction 
rate  constants  for  the  microwave  and  thermal  reactions  and  assuming  the  activation  energy  to  be  the 
same  for  both  cases,  the  temperature  enhancement  at  the  reactive  dipoles  was  calculated  to  be 
approximately  50°C  [63,64],  This  postulate  provides  a  possible  explanation  for  the  accelerated 
reaction  rates  observal  with  continuous  microwave  radiation. 


2.1.2.  Polymeric  Networks 

2. 1 .2. 1.  Toughened  Epoxy  Resin  Networks 

Epoxy  resins  are  currently  used  in  structural  applications  as  high  performance  adhesives  and 
composite  matrix  resins  in  both  the  aerospace  and  electronic  industi’ies.  In  the  cured  state,  epoxy 
resins  are  highly  crosslinked,  amorphous  thermoset  polymers  which  possess  excellent  thermal  and 
dimensional  stability,  high  modulus  and  strength,  and  outstanding  adhesive  properties  [73,74]. 
However,  these  materials  are  also  relatively  brittle.  Several  methods  have  been  proposed  to 
increase  the  toughness  of  epoxy  resins,  the  most  common  of  which  involves  modification  with  a 
second  phase  component  [75,76]. 

Typically,  epoxy  resins  are  modified  with  functionalized  rubbers,  such  as  carboxyl- 
terminated  butadiene-acrylonitrile  copolymers  (CTBN).  When  incorporated  into  epoxy  resins, 
CfBN  produces  a  tw'o  phase  morphology  consisting  of  relatively  small  (~0.1  to  1  pm)  rubbery 
particles  dispersed  in,  and  bonded  to,  an  epoxy  matrix.  The  toughness  of  modified  epoxy  resin 
networks  is  dependent  on  the  properties  of  the  original  epoxy,  the  particle  size,  particle  volume 
fraction,  interfacial  bonding,  and  the  properties  of  the  elastomeric  component  [77]. 

A  major  drawback  to  toughening  epoxy  resins  with  rubbers,  such  as  CTBN,  is  that  the 
increased  toughness  can  only  be  achieved  at  the  expense  of  high  temperature  performance. 

Because  of  the  low'  glass  transition  temperature  of  the  rubbery  pha.se,  rubber  modification  often 
lowers  both  the  use  temperature  and  mi^ulus  of  the  resulting  network.  This  limitation  has  been 
recently  overcome  w'ith  thermoplastic  modification  [78-93].  Thermoplastic  modifiers  ai'e  tough, 
ductile  engineering  polymers  possessing  high  glass  transition  temperatures.  The  degree  of 
toughening  obtained  in  these  systems  may  appear-  to  be  relatively  modest  compared  to  a  CTBN 
modified  netw'ork;  however,  the  enhanced  toughness  is  achieved  without  sacrificing  the  high- 
modulus  or  themral  stability  of  the  network. 

Selection  of  a  suitable  modifier  is  crucial  since  its  compatibility  with  the  epoxy  determines  the 
extent  and  type  of  phase  separation.  The  Cl'BN  modifier,  for  instance,  is  ideal  since  it  initially 
fomis  a  homogeneous  mixture  with  the  epoxy  resin  before  undergoing  an  in  situ  phase  separation 
process  during  network  formation.  Compatibility  of  the  CTBN  modifier  can  be  controlled  by 
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Figure  8 


Reaction  scheme  depicting  the  conversion  of  a 
polyamic  acid  into  a  polyimide  [64], 


Figure  9,  Arrhenius  plot  for  the  microwave  and  thermally 
induced  imidization  reactions  (64] . 


varying  the  acrylonitrile  content  CTBN  modifiers  of  higher  acrylonitrile  content  possess  a  higher 
polarity  and  are  more  compatible  with  epoxy  resins;  thus,  precipitation  is  achieved  at  a  later  stage 
of  cure  to  produce  smaller  phase  separated  domains  [94]. 

In  general,  the  phase  separation  behavior  in  modified  epoxy  resin  networks  is  controlled  by 
the  competing  effects  of  thermodynamics,  kinetics,  and  polymerization  rate  [94].  In  a  typical 
polymer  blend,  thermodynamics  can  be  utilized  to  make  predictions  about  the  equilibrium  state  of  a 
binary  mixture;  however,  kinetic  factors  must  also  be  considered  since  equilibrium  can  only  be 
achieved  if  sufficient  time  for  diffusion  is  allowed.  For  thermosetting  systems,  further 
complications  exist  because  both  molecular  weight  and  viscosity  increase  with  increasing 
conversion  of  the  epoxy  resin  network.  Once  the  development  of  the  network  structure  reaches  the 
stage  of  gelation,  phase  separation  is  halted  and  the  morphology  is  fixed.  Thus,  from  a  single 
rubber-  or  thermoplastic-modified  epoxy  resin  formulation  a  variety  of  different  phase-separated 
morphologies  can  be  generated  by  accelerating  the  approach  to  the  gel  point  and  halting 
morphological  development  before  complete  phase  separation  [94,96]. 


2. 1.2. 1.1.  Polymer-Polymer  Miscibility 

Two  materials  are  considered  miscible  if  they  exhibit  single-phase  behavior  (i.e.,  a  single 
glass  transition  temperature)  upon  blending.  In  order  for  two  materials  to  be  miscible  two 
thermodynamic  criteria  must  be  met.  The  first  is  that  the  Gibbs  free  energy  of  mixing,  AGm,  must 
be  negative,  that  is, 

AGin  =  4Hnv  -  TASm  <0  (3) 


where  AHm  is  the  enthalpy  of  mixing,  ASm  is  the  entropy  of  mixing  and  T  is  absolute  temperatiue. 
The  second  condition  is 
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where  ^2  is  the  volume  fraction  of  component  2  [97-106].  Figure  10  demonstrates  three  possible 
ways  in  which  the  free  energy  of  mixing,  AGm,  wiay  vary  wiA  composition.  Curve  A  represents 
an  immiscible  mixture  since  AGm  is  always  positive,  and  the  first  thermodynamic  condition  is  not 
satisfied.  Complete  miscibility  is  obtained  in  curve  B  since  both  thermodynamic  conditions  are 
satisfied  at  all  compositions.  Curve  C  represents  a  situation  where  partial  miscibility  is  achieved. 

A  miscibility  gap  exists  because  the  second  thermodynamic  condition  (Equation  4)  is  not  satisfied 
over  certain  compositional  ranges  [104]. 

Phase  separation  behavior  can  be  better  understood  by  simultaneously  examining  the 
dependence  of  free  energy  of  mixing  and  temperature  on  composition  as  shown  in  Figure  1 1  [97]. 
The  lower  diagram  in  Figure  1 1  is  the  same  as  curve  C  in  Figure  10.  The  two  minima  in  this  curve 
occurring  at  compositions  (jiB  and  <t)B'  represent  the  most  thermodynamically  stable  compositions 
for  the  mixture  at  Ti.  Also  labeled  are  compositions  (1)S  and  (|)S'  which  intersect  the  AGm  versus 
composition  plot  at  Ae  two  points  of  inflection;  these  compositions  may  be  thermodynamically 
defined  as: 
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Wiguss  10.  Free  energy  of  mixing  for  binary  mixtures 

which  are  completely  immiscible  (A),  completely 
miscible  (B),  and  partially  miscible  (C)  £1041. 


Figure  11.  Fhase  diagram  for  a  binary  mixture 
exhibiting  upper  critical  solution 
temperature  {OCST)  behavior  I97j. 


Between  (t)S  and  (|)S'  at  Ti,  the  second  thermodynamic  condition  for  miscibility  (Equation  4) 
is  not  satisfied  and  the  system  is  unstable.  Concentration  fluctuations  in  this  region  give  rise  to 
negative  free  energy  changes,  thus  phase  separation  can  take  place  spontaneously  by  spinodal 
decomposition.  Spinodal  decomposition  is  a  kinetic  process  involving  the  generation  of  a  highly 
interconnected  phase- separated  structure  through  the  spontaneous  and  continuous  growth  of  a 
phase  within  an  unstable  mother  phase.  The  growth  originates,  not  from  nuclei,  but  from  small 
amplitude  composition  fluctuations  which  are  always  present  in  the  equilibrium  state  [98,99]. 

Between  the  point  of  inflection  (spinodal  point)  and  tangential  point  (binodal  point)  in  the 
lower  diagram  of  Figure  1 1,  a  metastable  compositional  region  exists.  This  region  of  metastability 
between  (t)B  and  (t)S  and  between  <|)B'  and  cjiS'  arises  from  any  small  composition  fluctuation  that 
produces  an  increase  in  free  energy  which  acts  as  a  barrier  to  phase  separation.  This  is  illustrated 
in  the  inset  of  Figure  1 1 ;  if  composition  X  phase  separates  to  a  mixture  of  Y  and  Z  then  the  average 
free  energy  will  be  higher.  If  phase  separation  takes  place  in  the  metastable  regions,  it  can  only 
occur  by  a  process  of  nucleation  and  growth  [97]. 

The  upper  portion  of  Figure  1 1  represents  a  phase  diagram  for  polymer-polymer  mixtures 
exhibiting  upper  critical  solution  temperature  (UCST)  behavior.  Most  high  molecular  weight 
polymers  and  thermosets,  however,  exhibit  lower  critical  solution  temperature  (LCST)  since  they 
are  typically  less  miscible  at  higher  temperatures  or  conversions.  A  phase  diagram  is  created  by 
plotting  a  series  of  AGm  versus  02  curves  as  a  function  of  temperature  for  blends  or  conversion  for 
networks.  It  provides  a  very  useful  map  to  predict  the  presence  and  type  of  phase  separation  as  a 
function  of  temperature  and  composition  in  a  binary  mixture  [97-104].  There  are  several  regions 
of  importance  in  the  phase  diagram.  The  critical  temperature,  Tc,  occurs  at  the  intersection  of  the 
binodal  and  spinodal  curves  and  can  be  determined  from  the  expression: 
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Since  the  phase  diagram  in  Figure  11  demonstrates  UCST  behavior,  above  Tc  the  system  is 
miscible  in  all  proportions  [98]. 

The  spinodal  curve  in  the  phase  diagram  of  Figure  11  defines  the  position  where  spontaneous 
phase  separation  (spinodal  decomposition)  occurs.  The  binodal  curve  defines  another  region  of 
phase  separation  commonly  referred  to  as  nucleation  and  growth.  The  area  between  the  binodal 
and  spinodal  curves  represents  the  metastable  region  of  temperature  and  composition  where  only 
nucleation  and  growth  occur.  Generally  with  UCST  behavior,  as  temperature  is  lowered,  phase 
separation  occurs  by  nucleation  and  growth  mechanisms  unless  the  critical  point  is  traversed  or  the 
nucleation  and  growth  region  is  rapidly  crossed  to  reach  the  spinodal  region  [98-104].  An  example 
of  this  is  a  thermoplastic  blend  at  temperature  T3  (Figure  11)  which  is  rapidly  quenched  into  the 
spinodal  region.  In  an  analgous  manner,  if  the  temperature  axis  of  Figure  1 1  is  replaced  with 
conversion  and  LCST  behavior  is  assumed,  a  thermoset  system  can  be  quenched  %  accelerating 
the  approach  to  the  gel  point. 


2.1. 2.1. 2.  Flory-Huggins  Equation 

In  modified  thermosets  the  enhanced  toughness  is  related  to  the  morphology  of  the  cured 
network  [77].  In  most  rubber-  or  thermoplastic-toughened  epoxy  resin  systems  the  modifier 
initially  forms  a  homogeneous  mixture  with  the  uncured  epoxy  resin  before  undergoing  an  in  situ 
phase  separation  process  during  network  formation.  Demixing  of  the  homogeneous  binary 
nuxture  occurs  when  the  Gibbs  free  energy  changes  sign,  from  negative  to  positive,  as  molecular 
weight  increases  with  conversion  of  the  network  structure.  Analysis  of  the  Flory-Huggins 
equation  provides  an  explanation  for  this  demixing  process  [106]. 
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The  Flory-Huggins  equation  for  the  Gibbs  free  energy  of  mixing  states: 

AGm  =  V(8i-82)2  0i(|»2  +  RT[  ((tii/ii)ln  +  (4i2/i2)ln  <|!2]  (7) 

where  V  is  the  molar  volume,  5i  and  ^  arc  the  solubility  parameters  of  die  two  components,  (|si 
and  (te  are  the  volume  Suctions,  and  ii  and  i2  are  the  respective  degrees  of  polymerization.  By 
definition  the  Hoiy-Huggins  equation  only  predicts  UCST  behavior;  thus  the  left  hand  term  in 
Equation  7,  representing  the  enthalpy  of  mixing,  AHm,  is  always  positive.  The  magnitude  of  this 
term  is  controlled  by  the  differences  in  the  solubility  parameters  squared,  (5i-^)7.  Using  the 
Hildebrand  approach,  this  term  approximates  the  Flory-Huggins  interaction  parameter,  xi2.  The 
X12  parameter  is  rela^  to  the  endialpy  of  interaction  between  the  two  components  comprising  the 
binary  mixture.  It  is  a  fimction  of  temperature,  composition,  and  molecular  weight.  Since  the 
miscibility  of  most  polymer  mixtures  is  determined  by  enthdpic  effects,  the  xi2  parameter  strongly 
influences  the  type  and  degree  of  phase  separation  [98].  As  polymerization  progresses  during  a 
tiiermoset  reaction  AHm  is  relatively  uncffected,  except  for  free  volume  effects  which  are  small  in 
comparison  to  the  entropic  contribution  [97-106]. 

The  entropic  effect  of  mixing  two  components  is  represented  by  the  right-hand  term  in 
Equation  7,  which  is  always  negative  since  ASm  is  positive.  As  molecular  weight  and  thus  the 
degree  of  polymerization,  i,  increase  the  magnitude  of  the  negative  entropic  contribution  to  AGm 
decreases.  This  results  in  a  removal  of  the  entropic  driving  force  for  miscibility  and  results  in 
demixing  and  phase  separation  [97-106]. 


2.I.2.I.3.  Time-Temperature-Transformation  Diagram 

During  an  isothermal  cure  of  a  thermosetting  system  there  are  two  phenomena  of  critical 
importance  that  can  occur:  gelation  and  vitrification.  Gelation  generally  occurs  first  and  is 
characterized  by  the  formation  of  a  material  of  infinite  molecular  weight.  The  gel  point  can  be 
calculated  as  a  function  of  the  reactivity,  functionality,  and  stoichiometry  of  the  reactants.  Prior  to 
gelation,  the  system  is  soluble  and  fusible;  however,  af^ter  gelation  the  polymer  does  not  flow  and 
is  no  longer  processable.  Vitrification  occurs  when  the  glass  transition  temperature  of  the  growing 
polymer  coincides  with  the  cure  temperature.  At  vitrification  the  system  is  transformed  from  a 
viscous  liquid  or  elastic  gel  to  a  glass.  Further  curing  in  the  glassy  state  is  extremely  slow  since 
the  reaction  shifts  from  chemical  control  to  diffusion  control;  thus,  for  all  practical  purposes, 
vitrification  brings  an  abrupt  halt  to  curing.  However,  vitrification  is  a  reversible  transition; 
therefore^'eheating  above  Ae  Tg  devitrifies  the  partially  cured  thermoset  and  allows  for  further 
curing  of  the  network  [107-109]. 

Using  torsional  braid  analysis  (TEA),  Gillham  [107-109]  has  modeled  these  phenomena  with 
an  isotiiermal  time-temperature-transformation  (TI  T)  cure  diagram.  A  1  1  1  diagram,  shown 
schematically  in  Figure  12,  is  a  plot  of  the  isothermal  cure  temperature  (Tcure)  versus  the  times  to 
gelation  and  vitrification.  The  ctiagram  displays  the  different  states  encountered  in  the 
thermosetting  process.  These  states  include  liquid,  sol/gel  rabber,  gel  rubber,  ungelled  glass, 
gelled  glass,  and  char.  Three  critical  temperatures  are  also  shown:  Tgo,  gel  To,  and  Tgoo.  Tgo  is 
the  glass  transition  temperature  of  the  uncured  reactants.  Below  Tgo  no  significant  reaction  of  the 
uncurai  resin  mixture  occura.  The  point  at  which  gelation  and  vitrification  occur  simultaneously  is 
known  as  gel  Tg.  Between  Tgo  and  gel  Tg  the  system  vitrifies  before  gelling,  thus  quenching  the 
chemical  reaction.  However,  when  curing  between  gel  Tg  and  Tgco  (i.e.,  the  minimum  cure 
temperature  required  to  achieve  complete  cure),  gelation  precedes  vitrification  and  the  material, 
initially  a  liquid,  reacts  to  form  a  crosslinked  rubbery  network.  This  crosslinkai  rubbery  network 
consisting  of  finite  mol«:ular  weight  sol  fraction  and  infinite  molecular  weight  gel  fraction  reacts 
until  the  Tg  of  the  system  reaches  the  cure  temperature.  At  this  point  vitrification  occura  and  further 
chemical  reaction  is  halted  [107-109]. 
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Pigure  12.  Time-temperature-transfozrmation  (TTT)  i 
cure  diagram  for  thermosetting  polymer! 
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The  full  cure  line  shown  in  Figure  12  indicates  the  time  rajuired  at  any  given  cine 
temj^rature,  for  the  Tg  to  equal  Tgoo.  the  absence  of  full  cure,  the  vitrifi^  region  formed 
betwwn  gel  Tg  and  Tgoo  contains  both  soluble  and  insoluble  fractions.  For  systems  where  Tgoo  can 
be  attaint  in  me  abrence  of  degradation,  curing  above  Tgoo  is  the  most  direct  method  for  achieving 
full  cure.  However,  for  high  Tg  systems,  where  curing  above  Tg*,  would  lead  to  thermal 
degradation,  the  full  cure  line  provides  an  alternative  method  for  achieving  complete  cure  [107- 
109], 

The  11  1  diap'am  can  be  extended  to  include  phase  separation,  viscosity,  thermal 
degradation,  and  extent  of  convereion.  The  generalized  111  diagram  in  Figure  12  has  been 
extrapolated  to  take  into  account  phare  separation  by  combining  the  TB  A  results  with  cloud  point 
observations  from  a  rubber-modified  thermoset  The  cloud  point  results  predict  the  onset  of  phase 
separation  while  the  gelation  line  predicts  the  end  of  phase  separation,  thus  providing  a  "window 
of  phase  separation"  on  the  1  1  1  ctiagram  [107]. 

The  time-temperature-transformation  diagram  has  great  utility  in  commercial  applications. 
The  Ti  l  diagram  plays  a  very  important  role  in  composite  prepregging  applications  where  the 
time-temperature  paths  of  cure  necessary  to  achieve  appropriate  viscosity  levels  for  good  tack  and 
drape  are  extremely  important  It  is  also  employed  wiA  high  Tg  epoxy  resin  compositions  so  that 
cure  cycles  can  be  developed  to  control  shrinkage  and  degradation.  In  conclusion,  the  TTT 
diagram  permits  time-temperature  paths  of  cure  to  be  chosen  so  that  gelation,  vitrification,  and 
phase  separation  occur  in  a  controlled  manner,  hence  producing  repr^ucible  and  predictable 
material  properties  in  thermosetting  systems  [107-109]. 


2.I.2.I.4.  Toughening  Mechanisms  in  Rubber-Modified  Epoxy  Resin  Thermosets 

A  great  deal  of  controversy  exists  on  the  nature  of  the  toughening  mechanisms  in  modified 
epoxy  resin  networks.  Much  of  the  dispute  is  centered  around  whether  the  modifier  or  the  matrix 
absorbs  most  of  the  fracture  energy,  and  whether  the  matrix  undergoes  crazing,  void  formation  or 
shear  yield  deformation.  The  issue  is  extremely  important  because  once  the  mechanisms 
responsible  for  increased  toughness  are  clearly  identified,  then  design  parameters  can  be  modified 
to  optimize  properties  and  performance  [110-111]. 

In  general,  the  deformation  of  glassy  polymers  can  be  divided  into  two  categories:  elastic 
and  plastic  defoimation.  Elastic  deformation  is  recoverable  in  a  finite  time  while  plastic 
deformation,  which  takes  into  account  shear  yielding,  crazing,  and  void  formation,  is  irrecoverable 
[75,76]. 

The  appearance  of  what  seems  to  be  small  microcracks  in  stressed  thermoplastics  such  as 
polystyrene  or  high-impact  polystyrene  (HIPS)  is  known  as  crazing.  Crazes  are  voids  in 
plastically  deformed  polymers  which  when  sufficiently  stressed  can  create  a  crack  and  lead  to 
fracture.  Crazes  usually  grow  normal  to  the  direction  of  the  applied  tensile  stress  and  reflect  light; 
this  explains  the  stress-whitening  observed  in  HIPS  and  other  plastically  deformed  thermoplastics. 
Unlike  cracks,  however,  crazes  are  load-bearing  entities  that  are  due  to  the  web  of  stretched 
microfibrils  that  span  the  space  between  the  w^s  of  what  would  otherwise  be  called  cracks.  As  a 
result  of  this  ability  to  bear  a  substantial  load,  a  craze  growing  adjacent  to  another  will  pass  by  as 
though  the  other  were  not  there.  In  contrast,  a  crack  tends  to  veer  and  terminate  perpendicular  into 
the  neighboring  crack,  eventually  leading  to  failure  [112-114]. 

Shear  yielding  is  another  form  of  plastic  deformation  which  includes  both  diffuse  shear 
yielding  and  localized  shear  band  formation.  It  occurs  under  an  applied  stress  when  the  material  is 
restrained  in  two  dimensions.  In  contrast  to  crazing,  shear  deformation  consists  of  a  change  of 
shape  without  significant  change  of  volume.  Shear  yielding  is  a  very  important  deformation 
mechanism  for  two  reasons.  First,  it  is  the  factor  which  limits  the  strength  of  the  polymer  if  brittle 
fracture  can  be  supprcssai.  Second,  under  plane  strain  conditions  where  brittle  fracture  is 
prevalent,  shear  yielding  in  the  fonn  of  locdired  shear  band  formation  is  the  major  energy 
dissipative  process  in  the  vicinity  of  the  crack  tip;  it  blunts  the  sharp  cr^k  and  increases  toughness 
[75,76,113]. 
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A  typical  representation  of  a  shear  band  is  shown  in  Figure  13.  Shear  bands  are  thin  planar 
regions  of  high  shear  strain.  They  are  initiated  in  regions  where  there  are  inhomogeneities  of  strain 
because  of  internal  or  surface  flaws,  or  to  stress  concentrations.  The  slip  plane,  usually  less  than  1 
pm  in  thickness,  occurs  at  a  45°  angle  to  the  perpendicular  of  the  applied  tensile  stress  on  a  plane  of 
maximum  shear  stress  [75,1 13]. 

Several  mechanisms  have  been  proposed  to  account  for  the  increased  toughness  observed  in 
rubber-toughened  epoxy  resin  networks.  These  mechanisms  include:  crazing,  shear  yielding  and 
crazing,  rubber  tearing,  and  voiding  and  shear  yielding.  Sultan  and  McGarry  [115]  investigated 
the  behavior  of  CTBN  modified  epoxy  resin  networks  under  a  biaxial  stress  field  and  have 
proposed  microcavitation  at  the  crack  tip,  which  they  identified  as  crazing,  to  be  the  principal 
toughening  mechanism.  McGarry  et  al.  [115]  supported  these  results  with  observations  of  stress¬ 
whitening  and  decreased  macroscopic  density  fi'om  volume  dilation  measurements. 

Riew  et  al.  [77]  supported  the  conclusions  of  Sultan  and  McGarry  in  their  investigations  of 
CTBN  modified  epoxy  resin  thermosets.  In  fact,  Riew  et  al.  further  proposed  that:  shear 
deformations  are  dominant  in  networks  toughened  with  small  rubber  particles  (<0.5  pm);  crazing  is 
dominant  in  networks  toughened  with  large  rubber  particles  (1-5  pm);  and,  maximum  toughening 
is  obtained  under  conditions  of  combined  shear  and  craze  deformations  when  both  large  and  sm^ 
particles  are  present  in  the  network. 

Using  tensile  creep  dilatometry,  Bucknall  et  al.  [75,106]  found  that  in  rubber-modified 
epoxies  volume  strain  and  toughness  increased  with  rubber  content.  Assuming  that  shear  flow 
creates  no  volume  change,  Bucknall  et  al.  attributed  the  volume  strain  to  crazing  and  proposed,  as 
did  Riew  et  al.,  that  massive  crazing  and  shear  flow  are  the  two  energy  absorbing  mechanisms  in 
rubber-modified  plastics. 

The  existence  of  crazing  in  highly  crosslinked  materials,  such  as  epoxy  resin  networks,  is 
currently  under  much  debate.  Other  investigators  [1 10,1 1 1]  have  found  that  volume  dilation 
cannot  be  unambiguously  and  exclusively  attribute  to  crazing  since  void  formation  can  also  cause 
volume  dilation.  Recent  theoretical  studies  by  Donald  and  Kramer  [116]  have  shown  that  in  glassy 
thermoplastics  there  is  a  transition  from  crazing  to  a  shear  yielding  mechanism  as  the  length  of  the 
polymer  chain  between  physical  entanglements  decreases.  Kinloch  et  al.  [1 1 1]  suggested  that 
crazing  in  epoxy  resins  is  questionable  because  thermosets  possess  high  crosslink  density  and 
therefore  short  chain  lengths  between  crosslinks,  which  would  inhibit  craze  deformation.  In 
summary,  the  investigations  discussed  above  do  not  provide  conclusive  evidence  that  crazing  is  a 
major  toughening  mechanism  in  modified  epoxy  resin  networks. 

A  theory  which  attributes  the  toughening  solely  to  the  rubber  particles  was  proposed  by  Kunz 
et  al.  [1 17,1 18]  in  1981.  This  theory,  better  known  as  the  crack-bridging  theory,  suggests  as 
shown  in  Figure  14  that  the  crack  advances  through  the  rubber  particles  so  that  as  the  crack  opens, 
the  particles  are  stretched  between  the  crack  surfaces,  and  eventually  tear  before  the  crack  can 
extend  further.  It  is  proposed  that  the  particle  is  entirely  responsible  for  the  enhanced  toughness  of 
rubber-modified  epoxy  resin  networks.  Several  studies  [1 1%1 19]  have  demonstrated  some 
evidence  supporting  this  theory;  however,  numerous  inconsistencies  between  this  theory  and 
experimental  observations  still  exist.  The  crack-bridging  theory  cannot  explain  stress- whitening  or 
the  large  amount  of  plastic  deformation  that  occurs  in  the  epoxy  resin  phase.  Furthermore,  this 
theory  cannot  theoretically  account  for  the  high  fracture  toughness  values  achieved  in  rubber- 
modified  epoxy  resins  based  solely  on  the  tear  energy  of  the  rubber  particles  [111].  Hence,  while 
the  rubber  tear  mechanism  may  make  a  contribution  to  the  toughening  effect,  it  is  probably  not  the 
major  toughening  mechanism  in  highly  toughened  epoxy  resin  systems  [1 10,1 1 1]. 

Bascom  et  al.  [120,121]  and  Hunston  et  al.  [122]  proposed  that  the  mechanism  of  rubber 
toughening  involves  plastic  flow  combined  with  dilation  and  void  formation  in  either  the  particles 
or  at  the  particle-matrix  interface.  They  hypothesized  that  cavitation  of  the  rubbery  particles  caused 
by  the  triaxial  tension  ahead  of  the  crack  tip  increases  the  size  of  the  plastic  zone,  thus  blunting  the 
sharp  crack.  Furthermore,  they  proposed  that  both  shear  yielding  of  the  epoxy  matrix  and 
elongation  of  the  rubber  particles  significantly  contribute  to  toughening.  Kinloch  et  al.  [1 1 1] 
presented  TEM  and  SEM  micrographs  which  support  the  findings  of  Bascom  et  al.  and  Hunston  et 
al.  The  micrographs  demonstrate  that  both  cavitation  and  plastic  shear  yielding  are  the 
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microdeformation  mechanisms  occuring  in  the  vicinity  of  the  crack  tip  diat  dissipate  energy  and 
produce  the  toughening  effect  Kinloch  et  al„  however,  proposed  that  the  main  source  of  energy 
dissipation  in  this  mechanism  is  the  plastic  shear  yielding  of  the  epoxy  resin  nmtrix. 

Recently,  Yee  and  Pearson  [110]  provided  further  evidence  for  the  mechanism  proposed  by 
Bascom  et  al.  and  Hunston  et  al.  Using  optical  microscopy  of  thin  sections  of  a  rubber-toughened 
epoxy  perpendicular  to  the  fracture  surface,  they  were  able  to  discan  that  cavitation  of  the  particles 
occurred  prior  to  shear  yielding  in  the  matrix.  Yee  et  al.  [1 10]  proposed  that  the  toughening  effect 
is  achiev^  as  the  rubber  particles  cavitate  and  subsequendy  promote  shear  deformation,  thus 
creating  a  large  plastic  mm  and  blunting  the  sharp  crack  as  demonstrated  schematically  in  Figure 
15. 

In  general,  it  is  accepted  by  most  workers  in  the  field  that  deformation  in  the  matrix  resin  is 
the  major  energy  absorbing  mechanism  in  rabbcr-  toughened  thermosets.  Thus,  the  ability  of  the 
mahix  to  undergo  plastic  deformation  should  be  directiy  related  to  the  amount  of  energy  it  can 
dissipate.  Currently,  many  investigators  [123-125]  are  studying  the  effect  of  matrix  crosslink 
density  on  toughness  enhancement  in  rubber-modified  thermosets. 

Yee  and  Peaixon  [123]  investigated  the  variation  of  matrix  crosslink  density  in  a  series  of 
CTBN  modified  diglycidyl  ether  of  bisphenol  A  (DGEBA)  based  epoxies  utilizing 
diaminodiphenylsiffeone  (DDS)  as  a  curing  agent  Variation  in  the  molecular  weight  between 
crosslinks  Me  was  achieved  by  employing  DGEBA  resins  which  ranged  in  epoxide  equivalent 
weight  from  174  to  1800  grams  per  equivalent.  The  dependence  of  fracture  toughness  upon 
monomer  (DGEBA)  molecular  weight  in  both  the  modified  (10  weight  percent  CTBN)  and  neat 
resin  networks  is  shown  in  Figure  16.  This  plot  demonstrated  that  the  fracture  toughness 
increased  dramatically  with  increasing  monomer  molecular  weight  in  the  modified  networks; 
however,  only  modest  increases  were  observed  for  the  neat  resin  networks.  Yee  et  al.  [123] 
attributed  the  significant  increases  in  toughness  in  the  modified  networks  to  an  enhancement  of  the 
process  zone  in  front  of  the  crack  tip  which  effectively  blunts  the  sharp  crack  and  increases  the 
fi-acture  energy.  Furthermore,  Yee  et  al.  [123]  proposed  that  the  ability  weight  between  crosslinks 
with  increasing  monomer  molecular  weight 

Kinloch  et  al.  [124]  also  investigate  the  fracture  behavior  of  rubber-modified  epoxy  resins 
as  a  function  of  increasing  molecular  weight  between  crosslinks  Me  in  the  epoxy  matrix  phase^y 
employing  different  cure  schedules  they  demonstrated  that  the  degree  of  crosslinking  and  thus  Me 
could  be  changed  without  significantly  altering  the  morphology  of  the  resulting  network.  The 
molecular  weight  between  crosslinks,  determined  from  the  equilibrium  rubbery  modulus  by  DMA, 
was  varied  from  ~600  g/mole  to  5000  g/mole.  Fracture  toughness  results  demonstrated  substantial 
(two-fold)  increases  in  both  the  unmodified  and  modified  networks  as  Me  was  increased  from 
-600  g/mole  to  5000  g/molc.  Kinloch  et  al.  [124]  attributed  the  enhanced  toughness  to  the  ability 
of  the  epoxy  matrix  to  undergo  plastic  deformation,  because  of  the  increased  ductility  obtained  with 
a  greater  chain  length  between  crosslinks.  _ 

In  both  of  these  investigations,  where  Me  was  increased  either  by  choice  of  epoxide  or 
curing  schedule,  tiiere  was  a  corresponding  reduction  in  the  Tg  of  the  network,  thus  effectively 
raising  the  test  temperature  relative  to  Tg.  In  order  to  attribute  fracture  toughness  a)lely  to  Me, 
measurements  at  temperatures  relative  to  Tg  are  necessary  to  isolate  the  Me  effect.  These  types  of 
measurements  arc  cunrently  being  conducted  by  Yee;  however,  the  results  have  not  been  published 
yet. 


2. 1.2. 1.5.  Thermoplastic  Modification  of  Epoxy  Resin  Networks 

Numerous  engineering  thermoplastics  have  been  employed  to  toughen  epoxy  resin  networks 
over  the  past  decade.  The  actual  toughening  mechanism  involved  with  tfteimoplastic  modification 
is  greatly  debated.  The  proposals  wMch  have  been  put  forward  are  often  conflicting.  Some 
investigators  proposed  no  increase  in  toughness  with  thermoplastic  modification  [84,85]  while 
others  reported  a  linear  increase  in  fracture  toughness  with  increasing  tiieimoplastic  content. 
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IS.  Tou^henis^  iQecha.Qlsm  in  rubbeir^bou^rheced 
epoxies  proposed  by  Yee  and  Pearson  [110]. 


MONOMER  MOmUR  WOSHT 

16.  Plot  of  fracture  toughness  (Cj^)  versus  increasing  BGEBA 

•<iuivalent  weight  deaonstrating  the  effect  of  <Mj>  (metrix) 
on  toughness  in  both  rubber  asodified  (  )  and  neat  (o)  epoxy 
resin  networlca  [1231. 


independent  of  morphology  [86,90],  and  even  others  suggested  a  maximum  in  toughness  at 
intermediate  compositions  resulting  from  a  co-continuous  morphology  [87,88]. 

The  first  reports  in  the  literature  concerning  the  utilization  of  fliermoplastics  to  toughen  epoxy 
resins  appearwl  in  the  early  1980's.  Raghava  [84]  and  Bucknall  [85]  both  employed 
polyethersulfone  (PES),  Vitiex  lOOP  (ICI),  as  a  toughening  agent  in  epoxy  resins  and  observed  no 
increase  in  the  ffactare  toughness  of  the  corresponding  networks.  Bucknall  et  al.  [85],  however, 
conclusively  demonstrated  the  existence  of  phase  separation  in  this  system  by  dynamic  mechanical 
analysis  (DMA)  and  scanning  electron  microscopy  (SEM).  They  also  showed  that  the  type  and 
stoichiometry  of  the  resin  and  curing  agent  strongly  influenced  the  resulting  morphology  of  the 
PES  modifi^  system.  In  a  later  publication,  Raghava  attributed  the  lack  of  toughening  in  the  , 

modified  networks  to  poor  adhesion  between  the  phase  separated  components. 

One  of  tire  first  reported  studies  in  the  open  literature  of  chemically  reacting  a  themioplastic 
polymer  into  an  epoxy  resin  network  was  reported  by  J.  L,  Hedrick  ct  al.  [78,79].  In  this  ? 

investigation  a  phenolic  hydroxyl  terminated  bisphenol-A  polysulfone  (PSF)  was  incorporated  into 
an  epoxy  resin  system  based  on  Epon  828  and  diaminodiphenylsulfone  (DDS).  The  PSF  was  pre- 
react^  with  a  large  excess  of  the  epoxy  resin  using  a  quaternary  ammonium  catalyst  to 
functionalire  the  PSF  oligomers  with  epoxide  groups  prior  to  the  addition  of  the  curing  agent.  The 
concentration  and  molectdar  weight  of  the  PSF  mo^er  was  varied  to  investigate  their  effect  on  the 
properties  of  the  resulting  networks.  Mechanical  property  results  demonstratal  that  the  fracture 
toughness  (Kic)  of  the  cured  networks  increased  substantially  (from  0.6  to  1.7  Nm'^^)  when  both 
the  concentration  and  the  molecular  weight  of  the  PSF  modifier  were  increased.  Furthermore,  the 
fracture  toughness  increased  without  significantly  decreasing  the  modulus,  thermal  stability  or 
solvent  resistance  of  the  resulting  network. 

Hedrick  et  al.  [78-80]  also  investigated  the  morphology  of  the  polysulfone-toughened 
epoxies  with  scanning  electron  microscopy.  At  low  weight  percent  incorporations  (10%  to  15%), 
the  polysulfone  modifier  phase  separated  into  a  well  defined,  two-phase  morphology  consisting  of 
a  relatively  homogeneous  distribution  of  PSF  spheres  in  the  epoxy  resin  matrix.  As  the 
concentration  of  the  PSF  was  increased  (20%  to  30%)  a  phase  inversion  resulted;  and,  the 
morphology  consisted  of  a  continuous  polysulfone  matrix  surrounding  discrete  spheres  of  epoxy 
resin. 

Chu  and  Jabloner  [89]  patented  the  thermoplastic  modification  of  epoxy  resin  networks  in 
1986.  They  demonstrate  Aat  epoxy  resin  networks  could  be  effectively  toughened  with  amino 
functionalized  thermoplastics  (polyethers,  polysulfones  or  polyethersulfones)  possessing 
molecular  weights  in  toe  range  of  2,000  to  10,000  g/mole  and  glass  transition  temperatures 
between  125°C  and  250°C.  Multiphase  morphologies  were  observed  along  with  significant 
enhancements  in  fracture  toughness;  however,  no  toughening  mechanisms  were  proposed. 

Brown  and  Kim  [93]  utoized  SEM,  DMA,  and  optical  microscopy  to  investigate  toe 
morphology  and  toughening  mechanisms  in  the  commercially  available  Hercules  thermoplastic- 
modified  epoxy  resin  system.  The  morphological  development  in  these  materials  was  observed  to 
be  similar  to  that  found  in  rubber-toughened  materials  with  a  phase  inversion  occurring  at  a 
composition  between  10%  and  30%  of  the  modifier.  Fracture  toughness,  however,  e^ibited  a 
continuous  change  as  a  fiinction  of  oligomer  content  despite  morphological  changes.  Brown  et  al. 
attributed  this  to  different  toughening  mechanisms  which  operate  at  different  compositions.  They 
proposed  that  at  low  weight  percent  incorporations  (10%)  of  toe  modifier  where  the  morpholo^  ^ 

consists  of  a  continuous  epoxy  matrix  with  discrete  PSF  spheres  dispersed  within,  toe  toughening 
mechanism  involved  localized  yielding  in  toe  epoxy  matrix  initiated  upon  toe  deformation  of  toe 
discrete  modifier  particle.  At  high  weight  percent  incorporations  (30%),  above  toe  phase  * 

inversion  composition,  toe  toughening  mechanism  was  attributed  to  the  ductile  yieldmg  of  toe 
oligomeric  m^fier  phase  (i.e.,  toe  continuous  phase)  [93]. 

Recently,  Buclmall  and  Gilbert  [90]  demonstrate  that  polyetherimides  (PEI)  can  also  be 
utilize  to  effectively  toughen  epoxy  resin  networks.  Fracture  toughness  results  demonstrated  a 
linear  increase  with  increasing  PEI  incorporation  up  to  25  weight  percent  with  only  modest 
reductions  in  Young's  modulus.  Ibe  linear  correlation  between  fracture  toughness  and  increasing 
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modifier  incorporation  in  thermoplastic-modified  epoxy  resin  networks  is  greatly  debated. 

McGrail  et  al.  [87]  and  Recker  et  al.  [88]  proposed  that  an  optimum  morphology  exists  at 
intermediate  compositions  where  a  maximum  in  fracture  toughness  is  achieved. 

McGrail  and  co-workers  [87]  proposed  that  the  co-continuous  morphology,  characteristic  of 
spinodal  decomposition,  results  in  enhanced  fracture  toughness  in  polyeAersulfone-toughened 
thermosets.  Furthermore,  they  observed  that  this  morphology  better  translated  the  increased 
toughness  into  composite  structures.  They  achieved  spinodal  decomposition  in  the  thermoplastic- 
moditied  epoxy  resin  networks  by  systematically  varying  the  backbone  stmcture  of  the 
thermoplastic  while  holding  other  variables  such  as  the  cure  schedule,  molecular  weight,  and 
concentration  of  the  modifier  constant 

Recker  and  co-workers  [88]  investigated  thermoplastic-modified  epoxy  neat  resins  and 
composite  laminates  to  correlate  fracture  toughness  with  damage  tolerance.  Fracture  toughness  as 
measured  by  Gic  and  Guc  was  studied  as  a  function  of  the  modifier  molecular  weight  and 
concentration.  They  discovered  that  Gjc  was  directly  proportional  to  molecular  weight  up  to  a 
number  average  molecular  weight  of  approximately  10,000  g/mole.  Beyond  10,000  g/mole, 
toughness  was  found  to  be  independent  of  molecular  weight  They  further  reported  that  the 
toughness  demonstrated  a  linear  dependence  on  the  modifier  coneentration  except  at  intermediate 
concentrations  (~25%  by  weight),  where  a  maximum  was  observed.  These  results  have  generated 
great  interest  by  other  investigators  to  study  morphological  control  in  toughened  thermosets. 


2. 1.2. 1.6.  Control  of  Phase  Separation  in  Toughened  Epoxy  Resins 

From  a  single  mbber-  or  thermoplastic-modified  epoxy  resin  formulation  a  variety  of 
different  phase  separated  moiphologies  can  be  achieved.  The  phase  separation  behavior  in  these 
systems  is  controlled  by  the  competing  effects  of  thermodynamics,  kinetics,  and  polymerization 
rate  [94-96,106].  As  discussed  previously  (Section  2.1.2.1.1,),  thermodynamics  can  be  utilized 
to  make  predictions  about  the  equilibrium  state  of  the  resin-modifier  mixture;  however,  kinetic 
factors  must  also  be  considered  since  equilibrium  can  only  be  reached  if  sufficient  time  and 
diffusion  exist.  For  thermosetting  systems,  further  complications  exist  because  both  molecular 
weight  and  viscosity  increase  with  increasing  conversion  of  the  network  structure.  Once  the 
development  of  the  network  reaches  the  stage  of  gelation,  phase  separation  is  halted  and  the 
morphology  is  fixed  [94-96]. 

Recently,  many  investigators  have  explored  the  effect  of  chemical  composition  of  the 
modifier,  the  temperature  of  cure  and  the  gelation  time  on  the  resulting  morphology  and  mechanical 
properties  of  toughened  epoxy  resin  networks.  Gillham  et  al.  [94]  investigated  the 
thermomechanical  transitions  and  the  extent  of  phase  separation  in  CTBN  modified  epoxies  as  a 
function  of  the  acrylonitrile  content  of  the  modifier  and  the  temperature  of  cure.  They 
demonstrated  that  as  the  acrylonitrile  content  in  the  CTBN  modifier  was  increased  the  solubility 
parameter  increased  substantially  because  of  the  rise  in  polarity.  At  a  constant  rubber  content  of  10 
parts  per  hundred  rubber,  the  CTBN  toughened  network  exhibited  a  significant  decrease  in 
particle  size  with  increasing  acrylonitrile  content  because  of  enhanced  compatibility. 

The  effect  of  increasing  cure  temperature  was  more  complicated.  As  the  isoAermal  cure 
temperature  was  varied,  GilUiam  et  al.  [94]  observed  a  maximum  in  the  size  of  the  phase  separated 
particles  at  an  intermediate  cure  temperature.  They  attributed  this  to  the  competition  of 
thermodynamic  and  kinetic  effects  on  the  rate  of  nucleation  and  growth.  At  low  temperatures, 
nucleation  of  the  dispersed  CTBN  phase  was  favored  thermodynamically  but  diffusion  to 
nucleating  sites  was  reduced  because  of  the  high  viscosities  and  low  temperatures.  At  high 
temperatures,  the  nucleation  rate  was  low,  but  the  low  viscosity  and  high  temperatures  facilitated 
the  diffusion. 

Recently,  Inoue  and  co-workers  [126,127]  modeled  the  phase  separation  behavior  of  both 
thermoplastic-  and  elastomeric-modified  epoxy  resins  by  utilizing  curing  agents  of  different 
reactivity.  Inoue  et  al.  achieved  control  of  the  morphology  by  accelerating  the  approach  to  the  gel 
point,  thus  halting  morphological  development  before  complete  phase  separation.  The  proposed 
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model  of  phase  separation  is  shown  in  Figure  17.  Inoue  [126, 127]  et  al.  demonstrated  that  if 
morphological  development  was  rapidly  quenched  the  co-continuous  morphology,  characteristic  of 
spinodal  decomposition,  was  achieved,  and  if  the  system  was  cured  at  slower  rates  phase 
separation  proceeded  via  a  nucleation  and  growth  mechanism,  characteristic  of  binodal  phase 
separation. 

The  results  of  both  Gillham  et  al.  [123]  and  Inone  et  al.  correlate  quite  well  with  a  theoretical 
model  developed  by  Williams  et  al.  [123],  The  model  was  developed  to  predict  the  mean  radius 
and  volumetric  concentration  of  the  dispersed  phase  in  a  phase  separated  thermoset  as  a  function  of 
network  conversion.  The  model  also  predicts  the  location  of  the  binodal  and  spinodal  curves  on  a 
phase  diagram  by  analyzing  of  the  Flory-Huggins  equation  (Section  2. 1.2. 1.3.)  for  the  Gibbs  free 
energy  of  mixing. 


2. 1.2.2.  High  Performance  Thermosetting  Polymeric  Resins 
2. 1.2.2. 1.  Introduction 

Recent  advances  in  the  aerospace  and  electronic  industries  have  produced  a  continuing  and 
growing  demand  for  high  performance  polymeric  materials.  These  polymers  must  possess 
excellent  mechanical  properties,  solvent  resistance,  and  dimensional  stability  over  a  wide 
temperature  range.  For  instance,  when  polymers  are  employed  as  adhesives  and  composite  matrix 
resins  on  high-speed  aircraft,  temperatures  as  high  as  200°C  are  encountered  at  the  wing  fronts. 
Adhesives  utilized  in  such  applications  must  be  designed  to  withstand  these  temperatures  for 
thousands  of  hours  without  degiedation  or  loss  of  performance.  Furthermore,  these  polymers  must 
possess  solvent  resistance  to  chlorinated  solvents  such  as  methylene  chloride  so  that  the  aircraft  can 
be  painted,  solvent  stripped,  etc.  These  requirements  have  led  to  the  development  of  several  heat- 
resistant  thermosetting  resins. 

The  most  common  high  temperature  thermosetting  polymers  commercially  available, 
excluding  the  epoxy  resin  systems  discussed  previously,  include  bismaleimides,  acetylene- 
terminated  resins,  and  bisnadimides  [128-131].  Bisbenzocyclobutenes  and  allylphenyl  imide  resins 
have  recently  received  much  attention  in  the  open  literature  [132-136]  but  have  not  yet  been 
commercially  developed.  A  recurring  theme  in  aU  of  these  resin  systems  is  the  ability  to  undergo 
homopolymerization.  The  polymerization  usually  proceeds  via  a  fiee  radical  mechanism  from 
terminal  unsaturation. 


2. 1 .2.2.2.  Bismaleimides 

Bismaleimides  are  one  of  several  polymer  classes  under  evaluation  as  matrix  resins  for  high 
temperature  fiber-reinforced  composites.  In  1964  Grundschober  [137]  first  reported  their 
thermally  induced  homo-  and  copolymerizations  to  yield  highly  crosslinked  networks. 
Bismaleimide  networks  possess  good  physical  properties,  thermal  stability,  and  processability, 
thus  making  them  highly  competitive  with  the  conventional  epoxy  resin  systems. 

One  of  the  major  iivantages  of  the  bismaleimide  system  is  its  ability  to  undergo  an  aidition 
polymerization  wifli  no  volatile  by-product  formation  at  relatively  low  temperatures  [128,131]. 

The  proposed  crosslinking  mechanism  proceeds  via  a  free  radical  route  as  exemplified  in  Figure 
18.  Support  for  this  m«;hanism  has  b^n  provided  by  Brown  et  al.  [138,139]  using  electron  spin 
resonance  (ESR)  measurentents  and  by  Lind  et  al.  [140]  and  Carduner  et  al.  [141]  using  carbon  13 
nuclear  magnetic  resonance  (NMR).  The  high  reactivity  of  the  maleimide  double  bond  is  a 
consequence  of  tiie  electron-withdrawing  nature  of  the  two  adjacent  intiide  carbonyl  ^ups. 
Polymerization  occurs  just  above  tiie  crystelline  melting  temperature  of  the  bismaleimide  monomer 
to  form  a  highly  crosslinked  network.  The  curing  rate  can  be  accelerated  by  the  Edition  of 
peroxides  or  anionic  catalysts  [142,143]  or  decreased  by  the  addition  of  free  radical  inhibitors  such 
as  hydroquinone  [144]. 
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Figure  17.  Schematic  representation  of  the  stages  of  phase  separation 
in  modified  epoxy  resin  networks  as  modeled  by  Inoue  et  al. 

[1261. 


rlgurm  18.  Proposed  thermally-induced  free  radical  crosslinking  reaction 
responsible  for  network  formation  in  bismaleimides  [138]. 
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The  most  widely  utilized  bismaleimide  monomer  is  4,4'-bismaleimidodiphenylmethane 
(BMI)  primarily  because  of  the  low  cost  of  the  starting  materials,  4,4'-diaminodiphenylmediane 
and  maleic  anhydride. 

However,  in  principle,  every  aromatic  diamine  or  amine-terminated  prepolymer  can  be  employed  in 
the  synthesis  of  bismaleimides  [128].  The  chemical  structure  of  the  backbone  between  the 
terminating  maleimide  groups  is  responsible  for  several  cured  resin  properties  [145]. 

McGratii  et  al.  [146,147]  demonstrated  that  the  mechanical  properties  of  simple 
bismaleimides  can  be  significantly  enhanced  by  the  incorporation  of  poly(arylene  ether  sulfone) 
and  poly(arylene  ether  ketone)  oligomeric  backbones.  In  this  investigation  amine-terminated 
oligomers  of  controlled  molwular  weight  (2-10,000  g/mole)  were  converted  to  bismaleimides  by 
reaction  with  maleic  anhydride.  Substantid  increases  in  the  fracture  toughness  of  the  resulting 
networks  were  observed  relative  to  monomeric  bismaleimides.  The  enhanced  toughness  was 
attributed  to  both  the  increased  molecular  weight  between  crosslinks  and  the  p-relaxation  of  the 
matrix.  Similar  results  utilizing  poly(ether  sulfone)s  have  been  reported  by  Kwiatkowski  et  al. 
[148]. 

Another  approach  to  improve  the  fracture  toughness  and  processing  characteristics  of 
bismaleimides  involves  copolymerization  of  simple  BMI  resins  with  comonomers.  Several 
different  comonomers  have  b^n  developed,  the  most  common  of  which  include:  Diels- Alder 
comonomers,  allylphenyl  comonomers,  aromatic  diamines,  and  bisbenzocyclobutenes  [128], 
Indeed,  the  commercially  available  Compintide  from  Technochemie  GmbH-Verfahrenstechnik  is 
based  on  this  technology.  Compimidcs  consist  of  a  blend  of  monomeric  bismaleimides  with 
alkenyl-terminated  poly(arylene  ether  ketone)  oligomers.  This  system  possesses  enhanced 
toughness  and  reduced  moisture  absorption  without  significant  r^uctions  in  flexural  modulus 
[149,150].  Similar  investigations  were  conducted  at  V.P.I,  and  S.U.  by  Senger  et  al.  [151,152], 
where  maleimide  functionalized  poly(arylene  ether  ketone)  oligomers  of  controlled  molecular 
weight  were  blended  with  bismaleimidodiphenylmethane.  Mechanical  property  and  swelling 
results  demonstrated  that  the  fracture  toughness,  crosslink  density,  and  rubbery  modulus  of  the  co¬ 
cured  networks  were  effectively  controlled  by  variation  of  the  blend  composition. 

The  most  common  method  of  enhancing  the  processability  of  BMI  involves  copolymerization 
and  chain  extension  with  aromatic  diamino  compounds  such  as  diaminodiphenylmethane  (DDM) 
[128-131,153].  Bismaleimides  and  aromatic  diamines  polymerize  via  a  Michael  addition  as 
described  in  the  literature  [130].  In  most  instances  the  bismaleimide  is  employed  in  excess  to 
produce  low  molecular  weight  maleimide  functionalized  prepolymer.  The  final  cured  resin 
properties  such  as  toughness,  crosslink  density,  and  processability  are  controlled  by  the  structures 
and  ratios  of  the  starting  reactants  (i.e.,  the  bismaleimide  and  aromatic  diamine).  A  similar 
approach  to  enhance  processability  is  utilized  in  the  Ciba-Geigy  Matrimid  5292  A/B  system; 
however,  in  this  case  BMI  is  polymerized  with  a  diallyl  bisphenol  A  comonomer  [154,155]. 


2.1. 2.2.3.  Bisnadimides 

In  the  early  1970's,  Lubowitz  discovered  that  bisnadimides  undergo  an  addition 
polymerization  via  a  reverre  Diels- Alder  reaction  to  form  highly  crosslinked  networks.  The 
discovery  led  to  the  NASA  developed  PMR-15  polyimide  resin.  The  PMR  (Polymerization  of 
Monomeric  Reactants)  t«:hnology  evolved  to  solve  the  processing  difficulties  encountei«i  vritii 
high  performance  hetercteyclic  polymers.  The  PMR  approach  (Figure  19)  involves  dissolving  a 
diSkyl  ester  of  an  aromatic  tetracarboxylic  acid,  an  aromatic  diamine,  and  the  monoalkylester  of  5- 
norbomene-2,3-dicarboxylic  acid  in  a  low  boiling  alcohol.  The  stoichiometty  is  controlled  to 
obtain  a  molecular  weight  of  approximately  1,500  g/mole.  The  solution  is  utilized  to  impregnate 
reinforcing  carbon  fibere.  Composite  laminates  are  then  cured  betw^n  150  and  200®C  in  stages  to 
allow  tile  monomere  to  undergo  an  in  situ  cyclodehydration  reaction  to  form  a  norbomene 
endcapped,  low  molecular  weight  prepolymer.  Further  processing  at  higher  temperatures 
(>300“C)  is  employed  to  form  an  insoluble  network  [128,156,157]. 
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Figure  19.  Synthesis  of  PMJR-15  [156]. 
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The  crosslinking  mwhanism  of  the  PMR  resins  is  generally  accepted  to  proceed  via  the 
reverse  Diels- Alder  reaction  of  the  norbomeyl  endgroups  to  generate  the  maleimide  moiety  and 
cyclopentadiene.  TTie  highly  ^tivated  maleimide  unsaturation  immwliately  proceols  to 
copolymerize  with  cyclopentadiene  and  unrearranged  norbomenyl  groups  to  produce  a  crosslinked 
network  as  shown  in  Figure  20.  Evidence  to  support  this  mechanism  has  Iteen  provided  by 
Wilson  et  al.  [156,159]  and  Ritchey  et  al.  [160-162]  using  model  compound  studies  with  N- 
phenylnadimide.  The  model  reagent  was  molded  at  various  temperatures  and  the  resulting  soluble 
polymers  were  characterired  by  proton  and  carbon  NMR  and  Fl  lR. 

The  PMR  approMjh  has  overcome  the  tack  and  drape  problems  common  to  most  high 
temperature  resin  systems;  however,  the  release  of  cyclopentadiene  in  the  final  cure  stage  has 
caused  considerable  compound  investigations  [156]  difficulties.  McGrath  et  al.  [163] 
demonstrated  using  themiogravimetric  analysis  (TGA)  coupled  with  mass  spectroscopy  (MS)  that 
approximately  of  the  theoretical  amount  of  cyclopentadiene  from  the  reverse  Diels- Alder 

reaction  is  volatilized  at  atmospheric  pressure.  In  industrial  applications  of  PMR- 15  resins  long, 
complex  cure  cycles  and  high  processing  pressures  are  requir^  to  achieve  void-free  composite 
laminates.  Presunmbly,  pressure  prevents  the  loss  of  cyclopentadiene. 


2.1. 2.2.4.  Acetylene-Terminated  Resins 

Acetylene  containing  materials,  particularly  oligomers  and  polymers,  represent  another 
important  class  of  high  performance  structural  resins.  The  thermM  reaction  of  the  acetylenic  group 
is  very  complex  and  many  reaction  paths  are  possible.  However,  it  is  generally  accepted  that  the 
acetylenic  group  undergoes  a  thermally-induced  free  radical  addition  polymerization  at  temperatures 
in  excess  of  300°C.  The  properties  and  processing  characteristics  of  the  resin  are  strongly 
dependent  on  the  backbone  structure  of  tiie  diacetylene  starting  reactant  [164]. 

The  acetylene  moiety  has  been  incorporated  into  several  different  systems.  Acetylene- 
terminated  phenylene  oligomers  were  introduced  in  1974  by  Hercules  under  the  trade  name  of  H- 
Resin  [165].  Potential  areas  of  application  contemplated  for  H-Resin  were  corrosion-resistant 
coatings,  structural  composites,  and  molded  electronic  components.  However,  because  of  an 
unfavorable  combination  of  price,  processability,  and  performance,  the  H-Resin  was  not 
successfully  commercialized. 

Acetylene-terminated  imide  oligomers  were  first  reported  in  the  early  1970's  [166].  T^ese 
materials  were  synthesized  by  reacting  2  moles  of  an  aromatic  tetracarboxylic  acid  dianhydride  with 
1  mole  of  an  aromatic  diamine  to  yield  an  anhydride-terminated  amic  acid  oligomer.  Subsequent 
reaction  with  an  ethynyl  substitute  aromatic  amine  followed  by  chemical  or  thermal 
cyclodehydration  converted  the  amic  acid  to  the  acetylene-terminated  imide  oligomer  (ATI).  Since 
their  initial  discovery,  many  ATI's  have  been  synthesized  from  different  combinations  of  aromatic 
dianhydrides,  aromatic  diamines,  and  ethynyl  substituted  aromatic  amines.  In  fact,  the  commercial 
resin  HR-600  is  based  on  the  ATI  technology.  The  HR-600  resin  system  has  been  incorporated 
into  graphite  fiber-reinforced  composites.  Mechanical  prope^  resitits  demonstrated  excellent 
flexural  and  interlaminar  shear  strengths  along  with  outstanding  thermal  stability  [164]. 

Major  processing  problems  have  plagued  ATI's  as  well  as  many  other  acetylene-terminatoi 
heterocyclics.  The  ethynyl  groups  begin  to  react  and  inhibit  flow  and  fiber-wetting  prior  to  the 
formation  of  a  complete  melt  One  approach  taken  to  improve  the  flow  and  solubility 
characteristics  has  been  to  convert  the  ethynyl-terminated  amic  acid  oligomers  to  isoimide 
oligomers  by  chemical  cyclodehydration  using  dicyclohexylcarbodiimide.  Tfris  approach  improv«l 
processability  while  maintaining  comparable  composite  and  adhesive  properties  to  conventional 
ATI's.  Furthermore,  since  the  isoimide  moiety  rearranges  to  the  imide  stracture  in  the  fin^  stage 
of  cure  at  elevated  temperatures,  there  exist  no  structui^  differences  in  the  fully  cured  resins  [167]. 
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2. 1 .2.2.5.  Bisbenzocyclobutenes 


Recently  a  new  class  of  high  perfoimance  thermosets  known  as  bisbenzocyclobutenes  has 
emerged  in  the  literature  [132-135].  Bisbenzocyclobutenes,  like  the  previous  systems  discussed, 
undergo  an  addition  polymerization  at  elevated  temperatures  (^50®Q.  Homopolymerization 
proceeds  through  the  thermally  initiated  ring  opening  of  benzocyclobutene  to  yield  an  o-xylylene 
intermediate.  The  o-xylylene  functionality  can  polymerize  to  form  a  crosslinkai  network  or 
undergo  a  cycloaddition  Diels- Alder  re^tion  in  the  presence  of  a  suitable  dienophile  [132-135]  as 
shown  in  Figure  21. 

Arnold  et  al.  [132,135]  have  investigated  the  bisbenzocyclobutene  resin  system  as  a 
candidate  for  high  temperature  composite  applications.  They  demonstrated  that  the 
bisbenTOcyclobutene  system  exhibits  excellent  thermal  stability  up  to  260°C.  Furthermore,  it  was 
shown  that  the  benTOcyclobutene  moiety  can  be  blended  and  co-cured  with  acetylene  functionalized 
systems  to  widen  the  processing  window  and  enhance  mechanical  property  performance. 

Denny  et  al.  [133]  have  demonstrated  similar  results  utilizing  bisbenzocyclobutene 
functionaliz«l  imide  prepolymens.  They  showed  that  bisbenzocyclobutene  resins  can  be 
copolymerized  with  bisnmleimide  resins,  such  as  bismaleimidodiphenylmethane,  via  a  Diels- Alder 
cycloaddition  reaction.  In  theory  an  eight-membered  ring  structure  should  result  and  linear 
polymer  molecules  should  be  formed  with  no  branching  or  network  formation.  In  reality, 
however,  a  combination  of  both  homo-  and  copolymerization  reactions  take  place  during  cure  and 
an  insoluble  network  is  created 


2.1. 2.2.6.  Ketimines 

Another  novel  class  of  high  performance  thermosets,  based  on  amino  functionalized 
poly(ether  ketone)s,  has  recently  been  introduced  in  the  literature.  Mohanty  ct  al.  [168]  reported 
crosslinking  in  aromatic  amine-terminated  poly(arylene  ether  ketone)  (PEK)  oligomers  when 
processed  above  220°C.  Crosslinking  occured  via  attack  of  the  amine  endgroups  at  the  ketone 
groups  along  the  polymer  backbone  to  form  ketimine  linkages  as  shown  in  Figure  22.  Mohanty  et 
d.  [168]  reported  that  the  resulting  lightly  crosslinked  networks  possessed  good  thermal  stability 
and  excellent  mechanical  properties. 

The  crosslinking  mechanism  shown  in  Figure  22  is  significantly  different  than  the  previously 
discussed  addition  polymerizations.  The  amine  endgroups  react  with  the  ketone  groups  by  a  Schiff 
base  reaction  and  release  water;  thus,  network  formation  occurs  through  a  condensation 
polymerization.  The  rate  of  polymerization  is  relatively  slow  in  comparison  to  the  free  radical 
systems;  however,  it  is  accelerated  tremendously  under  reduced  pressures. 

Thompson  and  Farris  [169]  recently  reported  that  semicrys^line  poly  (ether  ether  ketone) 
(PEEK)  can  be  crosslinked  by  reaction  with  1,4-phenylenediamine  in  a  sirnilar  manner  to  that 
reported  by  Mohanty  et  al.  [168].  The  objective  was  to  decrease  high  temperature  creep  in  PEEK 
by  increasing  the  glass  transition  temperature  and  the  high  temperature  modulus.  Inde^,  upon 
reacting  a  tenfold  excess  of  diamine  with  respect  to  the  Aeoretical  amount  of  carbonyl  groups  in  the 
PEEK  backbone,  the  glass  transition  temperature  of  PEEK  was  increased  from  143°C  to  greater 
than  280°C.  However,  the  commercial  viability  of  this  process  is  questionable  since  the  release  of 
volatiles  during  cure  often  results  in  void  formation  in  composite  laminates. 


2.2.  Experimental  Techniques 

2.2.1.  Polymer  Synthesis  and  Blend  Preparation 

2.2. 1.1.  General  Considerations  of  Step-Growth  Polymerization 

Step-growth  polyoKrization  involves  the  stepwise  condensation  (and  in  some  cases  addition) 
of  functional  monomers  to  form  high  molecular  weight  polymers.  All  step-growth  polymerizations 
fall  into  two  categories  depending  on  the  type  of  monomer(s)  employal.  The  first,  an  A-B  system. 
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?iguss  21.  Propoacid  bensocyelobutene-terainated  r«sin  curs 
meehaniso  [ 132  ] . 


Tigura  22.  Proposad  croasllnklngp  nechanlsa  for  amina-tarininatad 
poly (ary lane  ather  katona}s  [168]. 
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involves  a  single  monomer  unit  which  contains  both  types  of  functional  endgroups.  TTie  second, 
an  A-A/B-B  system,  involves  two  different  bifunctional  monomere  in  which  each  monomer 
possesses  only  one  type  of  functional  group. 

In  Older  to  syndiesire  high  molecular  weight  linear  polymers,  Mveral  criteria  must  be 
satisfiai.  First,  a  perfect  stoichiometric  balance  of  the  two  difunctional  monomers  must  be 
introduced.  Second,  a  high  degree  of  monomer  and  solvent  purity  is  necessary.  And  third,  the 
reaction  responsible  for  the  polymerization  must  reach  a  very  high  conversion  with  the  absence  of 
side  reactions. 

In  homopolymer  synthe^s,  control  of  molecular  weight  and  endgroup  functionality  are 
cracial.  The  mechanical  and  thermal  properties  of  a  polymer  depend  primarily  on  molecular  weight 
and  molecular  structure.  TTie  mcehanical  properties  increase  dramatically  up  to  the  point  at  which 
the  critical  molecular  weight  for  the  development  of  entanglements,  Me,  is  reached  and  then  level 
off  with  increasing  molecular  weight.  As  molecular  weight  advances  above  Me,  the  melt  viscosity 
dependency  on  molecular  weight  increases  to  the  3.4  power  making  melt  processing  very  difficult 
Consequently,  a  compromise  between  processability  and  optimum  polymer  properties  must  often 
be  thieved. 

The  following  section  deals  with  the  purification  of  the  various  monomers  and  solvents  along 
with  the  experimental  techniques  for  oligomer  syntheses  and  their  subsequent  post  reactions. 
Furthermore,  a  discussion  on  control  of  molecular  weight  and  endgroup  functionality,  via  the  use 
of  a  monofunctional  reagent  and  the  Carothers  equation,  is  described. 


2.2. 1.2.  Solvent  Purification 

A  variety  of  solvents  were  employed  in  the  preparation  of  the  functionalized  oligomers. 
Table  1  lists  the  structures  and  suppliers  for  the  most  commonly  used  solvents.  The  solvents  for 
synthetic  reactions  were  stirred  over  finely  ground  calcium  hydride  for  at  least  24  hours,  refluxed 
for  approximately  1  hour,  and  then  fractiondly  distilled.  Some  distillations,  particularly  for  high 
temperature  boiling  solvents,  were  conducted  under  reduced  pressure.  Distillations  which  did  not 
require  vacuum  were  conducted  with  a  low  nitrogen  flow  through  the  apparatus.  In  all  cases  the 
initial  fraction  (approximately  5%  by  volume)  was  discarded  and  the  constant  boiling  fraction  was 
collected  in  a  round  bottom  flask.  The  flask  was  sealed  with  a  rubber  septum  and  the  solvent  was 
utilized  within  24  hotu^  or  it  was  redistilled. 


2.2.I.3.  Monomer  Purification 


2,2-Bis(4-hydroxyphenyl)propane  (Bisphenol-A) 


Source: 

Empirical  Formula: 
Molecular  Weight: 
Melting  Point  ^ure),  °C: 


Dow  Chemical 
C15H1602 
228.27 
154-155 
Table  1 


Purification:  Bisphenol-A  was  added  to  reagent  grade  toluene  in  a  25  v//v  percent  ratio  into  an 
erlenmeyer  flask.  The  solution  was  heated  to  100°C  with  stirring  until  complete  dissolution  and  2 
grams  of  activated  charcoal  were  added.  The  dark  solution  was  stirred  for  20  minutes  and  filtered 
through  a  porcelain  buchner  funnel  using  CeliteTM  to  remove  the  charcoal.  The  clear,  colorless 
solution  was  reheated  to  dissolve  tiie  bisphenol-A  and  to  reduce  the  volume  by  approximately  10 
percent.  The  solution  was  slowly  cooled  to  room  temperature  to  yield  white  crystals.  The  crystals 
were  isolated  by  filtration  and  then  dri«l  under  vacuum  at  50°C  for  12  houre.  TTie  dried  crystals 
were  crashed  and  dried  for  an  additional  12  hours  at  80-90°C  under  vacuum  to  remove  any  trapped 
or  residual  solvent. 
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Taibla  1.  Consnon  solvents  utilized  in  the  preparation  of  functionalized 
oligomers. 


Structure  Solvent  Supplier 


1-Methyl-2- 
Pyrrolidinone  (NMP) 


Rsher  Scientific 
or  Aldrich 


CH3 


N,N-Dimethyl- 
acetamide  (DMAc) 


Chlorobenzene 


Toluene 


Fisher  Scientific 
or  Aldrich 


Rsher  Scientific 
or  Aldrich 


Rsher  Scientific 
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4,4’-Dichlorodiphenylsulfone  (DCDPS) 
Source: 

Empirical  Formula: 
Molecular  Weight: 
Melting  Point  ^ure),  “C: 
Structure: 


AMOCD  Chemicals 

C12H8C1202S 

287.16 

147-148 

Table  2 


Purification:  DCDPS  wm  added  to  reagent  grade  toluene  in  a  60  w/v  percent  ratio  into  an 
erlenmeyer  flask.  Two  grams  of  activated  charcoal  were  added  and  the  solution  was  heated  widi 
stirring  to  boiling.  After  20  minutes  the  dark  colored  solution  was  filtered  dvough  CeliteTM  using 
a  porcelain  buchner  funnel.  The  clear  filtrate  was  boiled  to  reduce  the  volume,  and  then  slowly 
cooled  to  rrom  temperature.  White  crystals  were  isolated  by  filtration  and  washwi  with  cold 
toluene.  The  crystals  were  dried  under  vacuum  at  80°C  for  8  hours,  then  crushed  and  dried  again 
under  vacuum  at  90®C  for  12  hours. 


m-Aminophenol  (mAP) 

Source:  Aldrich 

Empirical  Formula:  C6H7NO 

Molecular  Weight:  109.129 

Melting  Point  ^ure),  °C:  125-126 

Structure:  Table  2 


Purification:  mAP  was  sublimed  twice  under  reduced  pressure  to  produce  highly  pure,  white 
crystals. 


4,4'-Difluorobenzophenone  (DFBP) 
Sources: 

Empirical  Formula: 
Molecular  Weight: 
Melting  Point  ^ure),  °C: 
Stracture: 


IQ  or  Amoco  Chemical  Company 

C13H80F2 

218.12 

123-124 

Table  2 


Purification:  DFBP  was  received  as  a  highly  pure,  white  powder  and  was  used  without  further 
purification. 


Maleic  Anhydride  (MA) 

Soxirce:  Aldrich 

Empirical  Formula:  C4H203 

Molecular  Weight:  98.06 

Melting  Point  ^ure),  °C:  54-56 

Structure:  Table  2 


Purification:  MA  was  sublimed  twice  under  reduced  pressure  to  produce  highly  pure,  white 
crystals. 

5-Norbomene-2,3-dicarboxylic  Anhydride  (NA) 


Source;  Aldrich 

Empirical  Formula:  C9H803 

Mol«:ular  Weight:  164.16 

Melting  Point  $urc),  °C:  165-167 

Structure:  Table  2 


Purification:  NA  was  sublimwl  under  r^uced  pressure  to  produce  highly  pure,  white  crystals. 
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3,3'-Diaminodiphenylsulfone  (3,3'-DDS) 

Source:  Kennedy  and  Klim 

Empirical  Formula:  C12H12N202S 

Molecular  Weight:  248.30 

Melting  Point  ^ure),  °C:  172-173 

Structure:  Table  2 

Purification:  3,3'-DDS  was  added  to  a  25  w/w  percent  methanol  solution  in  an  erlenmeyer  flask. 
The  methanol  was  deoxygenated  prior  to  use  by  purging  with  nitrogen  for  5  hours.  The  solution 
was  heated  with  stirring  to  approximately  60°C.  Upon  dissolution  it  was  filtered  through  fluted 
filter  paper.  The  clear  filtrate  was  reheatM  to  60®C  with  stirring  and  deoxygenated  distilled  water 
(approximately  2  \/w  percent)  was  added  (to  induce  the  precipitation).  The  solution  was  allowed  to 
slowly  cool  to  room  temperature.  White  crystals  were  isolated  by  vacuum  filtration,  washed  with 
cold  deoxygenated  methanol,  and  dried  at  ^°C  in  a  vacuum  oven  for  8  hours.  The  crystals  were 
crushed  and  dried  again  at  60°C  for  12  hours. 

4,4'-Diaminodiphenylsulfone  (4,4'-DDS) 

Source:  Aldrich 

Empirical  Formula:  C12H12N202S 

Molecular  Weight:  248.30 

Melting  Point  (pure),  °C:  177-178 

Structure:  Table  2 

Purification:  4,4'-DDS  was  recrystallized  by  the  same  procedure  as  utilized  for  3,3’-DDS. 

Diglycidylether  of  Bisphenol-A  (EXjEBA) 

Source:  Dow  Qiemical  (DER  332) 

Empirical  Formula:  C21H24C)4 

Molecular  Weight:  340.42 

Melting  Point  $ure),  °C:  45-46 

Structure:  Table  2 

Purification:  DGEBA  was  recrystallized  from  a  60/40  mixture  of  methyl  isobutyl  ketone  and  2- 
ethoxyethyl  ether.  The  solution  was  refrigerated  for  approximately  3  days  with  frequent  stirring. 
White  crystals  eventually  precipitated  out  and  were  isolated  by  filtration.  The  cryst^s  were  washed 
once  with  cold  methanol  and  several  times  with  hexanes  and  tiien  dried  under  reduced  pressure  for 
72  hours  at  20-25°C. 

Epon  828 

Source:  Shell  Chemical  Company 

Molecular  Weight:  ~372 

Stmcture:  Figure  2 

Purification:  Epon  828  was  received  as  a  viscous  liquid  and  was  used  without  further  purification. 

Bismaleimidodiphenylmethane  (BMI) 

Soiuce:  Technochemie-GmbH 

Empirical  Formula:  C21H14N204 

Molecular  Weight:  358.36 

Melting  Point  ^ure),  °C:  157-158 

Stmcture:  Table  2 

Purification:  BMI  was  used  as  received  without  further  purification. 
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Figure  22a.  Structures  of  the  'various  oonooers  utilized  to  prepare  the 
functionalized  oligomers  and  crosslinkad  networks. 
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Figure  22a. (Continued) 


2.2. 1.4.  Synthesis  of  amino  fiinctionali^  Poly(arylene  ether  sulfone)  oligomers 
Reaction; 


NMP  /  Toluene 
145-155  ‘C  (4- 6 Hours) 
165  - 175  "C  (8 -12  Hours) 
K2CO3 

Inert  Atmosphere 


Procedure: 

Purified  Bisphenol  A,  4,4'-dichlorodiphenylsulfone  (DCDPS),  and  m-aminophenol  (mAP) 
were  charged  into  a  four-neck  flask  equipped  with  a  mechanical  stirrer,  gas  inlet,  thermometer  and 
Dean  Stark  trap  fitted  with  a  condenser  and  drying  tube  as  shown  in  Figure  23.  The  stoichiometry 
of  the  reactants  was  varied  according  to  the  Carothers  equation  (Section  2.2, 1.)  to  achieve 
oligomers  of  controlled  molecular  weight  The  reactants  were  dissolved  in  NMP  (70%)  and 
toluene  (30%)  to  15%  solids  concentration.  Potassium  carbonate  (K2CO3)  base  was  added  in  a  20 
molar  percent  excess  and  the  mixture  was  heated  until  the  toluene  began  to  reflux  (approximately 
140°C-150°C).  The  water  released  during  phenoxide  formation  was  collected  in  the  Dean  Stark 
trap.  The  solution  was  refluxed  until  complete  dehydration  was  achieved  (approximately  4-6  hours 
depending  on  the  quantities  of  the  reactants).  Toluene  was  drawn  firom  the  Dean  Stark  trap  until 
the  reaction  temperature  reached  165°C-170°C.  The  system  was  then  allowed  to  react  for  8-12 
hours,  resulting  in  a  viscous,  dark  green  solution.  After  cooling  to  approximately  80°C,  the 
reaction  mixture  was  filterwi  to  remove  the  inorganic  salts.  The  reaction  solution  was  acidified 
with  glacial  acetic  ^id  and  then  precipitated  into  a  tenfold  volume  of  alcohol.  Isopropanol  was 
used  for  low  molecular  weight  oligomers  (M  n  <  5,000  g/mole);  and  methanol  was  utilized  for 
higher  molecular  weight  oligomera  (M  n  ^  5,000  g/mole).  The  precipitated  oligomer  (tan  powder) 
obtained  by  filtration  was  washed  several  times  with  alcohol  and  allowed  to  dry.  It  was  then 
stirred  in  hot  water  (90®C-95®C)  for  4-8  hours  to  remove  any  trapped  salts,  rcfiltered,  washed  with 
more  alcohol,  and  dried  under  v^uum  for  at  least  8  hours  at  60°C-80°C.  After  drying  the  oligomer 
was  redissolved  in  methylene  chloride  and  the  precipitation,  filtration  and  washing  procedures 
were  repeated.  Finally,  the  oligomer  was  dried  under  vacuum  at  100“C-120®C  to  constant  weight. 


40 


Figure  23.  Reaction  apparatus  utilized  for  the  eynthesis  of  the  step- 
growth  polymers. 
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2,2. 1.5.  Synthesis  of  amino  functionalized  poly(arylene  ether  ketone)  oligomers 
Reaction: 


OMAc  /  Toluene 

140  - 145  "C  (4  -  6  Hours) 

155  - 160  “C  (8  - 12  Hours) 

KjCOj 

Inert  Atmospnere 


uttiere  BP  • 


Procedure: 

The  same  synthetic  procedure  utilized  in  the  synthesis  of  the  amino  functionalized 
polyfarylene  ether  sulfone)s  was  employed.  However,  4,4'-difluorobenzophenone  (DFBP)  was 
substituted  for  4,4'-dichlorodiphenylsulfone  (DCDPS),  and  DMAc  was  used  instead  of  NMP. 


2.2. 1.6.  Molecular  weight  and  endgroup  control  in  step-growth  polymerizations  via  the  Carothers 
equation 

As  previously  discussed  (Section  2.2.I.I.),  molecular  weight  and  endgroup  functionality 
play  a  major  role  in  the  ntechanical  and  thermal  properties  of  a  polymer.  In  order  to  properly 
control  mol«:ular  weight  and  endgroup  functionality,  a  stoichiometric  imbalance  of  Ae  Afunctional 
monomers  must  be  utilized  or  a  monofunctional  monomer  must  be  employed.  The  Carothers 
equation  provides  die  dieoietical  means  to  vary  the  stoichiometry  to  aclueve  control  of  molecular 
weight  and  functionality  in  step-growth  polymerizations.  A  derivation  of  the  most  useful  equations 
for  die  condensation  of  activated  dihalides  with  bisphenols  is  presented  below.  A  more  complete 
derivation  of  the  Carodiers  equation  is  described  in  basic  polymer  texts  [170-172]. 

The  Carothers  ^nation  relates  the  number  average  degree  of  pol3nnerization,  Xn,  to  the 
extent  of  reaction,  p,  and  average  fiinctionality,  Fav,  of  the  polymerizing  system: 


2N„ 

(2N„  -  N„pF,,) 


2 

(2-pF,,) 


(8) 
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where  No  is  the  initial  moles  of  monomer  units.  Assuming  Fav  is  2.0  for  completely  difimcdonal 
starting  reactants,  the  above  equation  simplifies  to: 


X 


n 


1 


1  -p 


(9) 


which  illustrates  that  at  very  high  extents  of  reaction,  as  p  approaches  1,  molecular  weight 
approaches  infinity. 

In  the  polymerization  of  difimctional  monomers  A-A  and  B-B,  such  as  dihalirift$  and 
bisphenols,  the  number  average  degree  of  polymerizadon  is  twice  the  number  of  repeat  units  in  the 
polymer  molecule,  DP,  because 


Desired  Molecular  Weight 

X„  =  2DP  =  2  -  (10) 

Mol.  wt.  of  the  repeat  unit 

each  repeat  unit  contains  the  residue  of  two  monomers.  Molecular  weight  can  be  related  to  the 
stoichiometric  imbalance,  r,  by  the  expression: 


(1  +  r) 
(1  -  r) 


(11) 


The  stoichiometric  imbalance  is  defined  to  have  a  value  equal  to  or  less  than  unity.  The 
stoichiometric  imbalance  can  be  systematically  varied  to  control  Xn.  The  stoichiometry  can  be 
offset  by  the  incorporation  of  a  monofunctional  reagent  or  by  the  excess  addition  of  either  the 
bisphenol  or  dihalide.  When  excess  difimctional  B  monomer  is  used  to  offset  the  stoichiometry 
and  achieve  B  endgroups. 


r 


(12) 


where  NA  and  NB  are  the  moles  of  difimctional  A  and  B  monomers,  respectively.  Alternatively,  if 
a  monofunctional  reagent  with  a  B  endgroup  is  incorporated. 


r 


Nr  +  2Nc 


(13) 


where  2Nb'  is  the  total  number  of  moles  of  the  monofimctional  reagent  This  approach  dictates  that 
the  number  of  A  fimctional  groups  equals  the  number  of  B  fimctional  groups,  with  the  polymer 
endgroups  determined  by  the  nature  of  the  monofimctional  reagent  The  coefficient  2  in  firont  of 
NB'  is  required,  since  one  mole  of  B  has  the  same  quantitative  effect  as  one  excess  mole  of  B-B  on 
limiting  the  growth  of  the  polymer  chain. 

Solutions  of  equation  13  were  achieved  by  arbitrarily  assigning  the  moles  of  difimctional  A 
monomer  as  0. 1.  The  moles  of  difimctional  B  monomer  were  then  defined  as  r,  and  the  moles  of 
monofimctional  B  monomer  required  to  limit  molecular  weight  were  obtained  by  substitution  of 
NA  and  NB  into  equation  13.  'To  obtain  a  sufficient  total  batch  size,  the  values  were  scaled 
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accoidingly.  For  specific  information  regarding  sample  reactions  or  other  synthetic  issues  the 
reader  is  referred  to  the  work  of  Mohanty  [173]  and  Jurek  [174,175]. 


2.2. 1.7.  Synthesis  of  maleimide-  and  nadimide-terminated  poly(aiyIene  ether  ketone)  oligomers 
Reaction; 

o 
■ 

HjN-PEK-NHj  d'P 

I 

o 

CHLOROBENZENE 
REFLUX  (24  HRS) 


R 


■  ■ 

o  o 

Procedure: 

A  two-step  procedure  was  utilized  in  the  synthesis  of  the  maleimide-and  nadimide-terminated 
poly(aryiene  ether  ketone)  (PEK)  oligomers.  The  amine-terminated  PEK  oligomer  (Section 
2.2. 1.5.)  was  titrated  to  determine  the  number  average  molecular  weight  A  20-50  molar  percent 
excess  of  either  maleic  anhydride  or  norbomene  dicarboxylic  anhydride  along  with  the  amine- 
terminated  PEK  oligomer  was  added  to  a  four-neck  round  bottom  flask  equipped  with  a  nitrogen 
inlet,  meclanical  stirrer,  thermometer  and  Dean  Stark  trap  (Figure  23).  The  reactants  were 
dissolved  in  chloroben^ne  to  15%  solids  concentration,  purged  with  nitrogen  and  stirred  at  room 
temperature  for  4  hours  to  form  the  maleamic  acid  precursor.  The  solution  was  then  refluxed  at 
132®C  for  24  hours  to  allow  for  imidization.  Chlorobenzene  served  as  both  a  solvent  and 
aKOtropic  ntedium.  The  solution  was  cooled  to  room  temperature  and  precipitated  into  a  tenfold 
excess  of  metiianol.  The  endcapped  oligomers  were  dried  under  vacuum  at  80°C  for  24  hours 
before  redissolving  in  chloroform  and  precipitating  from  methanol.  Rnally,  the  oligomeric  tan 
powder  was  dried  under  vacuum  at  100“C  to  constant  weight  Both  infrared  measurements  and 
titration  of  potentially  uncyclized  amic  acid  groups  suggested  that  the  derivatization  was 
quantitative  [146,147]. 


2.2. 1.8.  Crosslinking  of  Functionalized  Poly  (ary  lene  ether  ketone)s 

Certtin  functionalized  poly(arylene  ether  ketone)s  (PEK)  are  known  to  undergo  crosslinking 
reactions  at  elevated  temperatures  as  previously  described  (Section  2. 1.2.2).  Samples  of  amino, 
maleimide  and  nadimide  functionaliz^  PEK  ohgomers  were  cured  isotiiermally  for  various  time 
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intervals  in  a  forced  air  convection  oven  (Blue  M).  The  samples  were  in  the  form  of  thin  (~1  mm 
in  thickness)  discs  (-2  cm  in  diameter)  weighing  one  to  two  grams. 


2.2. 1.9.  Preparation  of  modified  epoxy  resin  networks 
Reaction: 

0GE3A 

+ 


OR 


EPON  823 


AMINE  -  TERMINATED  POLYSULFONE 


EPOXY  -  CAPPED  POLYSULFONE 


+ 

EXCESS  DGE3A  (OR  EPON  828) 


+ 


Procedure: 


CROSSLINKED  NETWORK 


The  epoxy  resin,  either  DGEBA  or  Epon  828,  and  the  amine-terminated  poly(aiyIene  ether 
sulfone)  (PSF)  oligomer  were  carefully  weighed  in  a  two-neck  round  bottom  fla^.  The  flask, 
equipp^  with  a  gas  inlet  and  mechanical  stirrer,  was  placed  in  a  silicone  oil  bath  as  shown  in 
Figure  24.  The  mixture  was  heated  to  90®C  with  stirring  under  vacuum  to  degas  the  epoxy  resin. 

In  approximately  0.5- 1.5  hours,  the  homogeneous  light  brown  mixture  ceased  bubbling,  indicating 
that  all  of  the  moisture  and  dissolved  gasses  were  removed.  The  reaction  temperature  was  then 
raised  to  130®C  and  the  curing  agent,  either  33'-  or  4,4'-diaminodiphenylsulfone  (DDS),  was 
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Stir  bar  Thermometer 


Figure  24.  Reaction  apparatus  used  in  the  preparation  of  the  modified 
epoxy  resin  networks. 


6 


added.  The  stoichiometry  was  controlled  such  that  the  difunctional  epoxide  was  reacted  in  a  2: 1 
molar  ratio  with  respect  to  the  tetrafunctional  PSF  and  DDS.  Upon  dissolution  of  the  DDS  into  tlie 
epoxy  resin/PSF  mixture  (approximately  20  to  30  minutes)  a  transparent,  homogeneous  solution 
was  fbmied.  The  homogeneous  solution  was  poured  into  a  preheated  RTV  silicone  rubber  mold 
(Dow  Coming  3120  RTY  and  Dow  Coming  catalyst  RTV-S),  covered  with  a  sheet  of  0.01  mil 
Teflon  and  weighted  down.  The  mold  was  then  placed  into  a  forced-air  convection  oven  and  cured 
at  the  desired  temperature  profile.  The  Epon  828/3, 3'-DDS  system  was  cured  at  140°C  for  2  hours 
and  then  postcured  at  180°C  for  1  hour.  The  Epon  828/4,4'-DDS  and  DGEBA/4,4'-DDS  systems 
were  cured  in  a  similar  manner;  however,  the  chosen  cure  temperatures  were  170°C  to  210°C  and 
190°C  to  240°C,  respectively. 


2.2. 1. 10.  Preparation  of  maleimide-terminated  poly(arylene  ether  ketone)/ 
bismaleimidodiphenylmethane  blends 


Blend  system: 


t 

0 


■ 

0 


4* 


CR0S3UNKED  NETWORK 


Procedure: 

Blends  of  bismaleunidodiphenylmethane  and  maleimide-terminated  poly(arylene  ether 
ketone)  oligomers  were  prepared  in  a  10  w/v  percent  chloroform  solution.  Each  component  was 
weighed  into  an  erlenmeyer  flask,  dissolved  in  chloroform  and  coagulated  in  hexanes  using  an 
explosion-proof  blender.  The  blend  was  isolated  by  filtration  and  dried  under  vacuum  at  80°C  to 
constant  weight.  The  resulting  light  yellow  powder  was  cold  pressed  into  small  discs 
(approximately  2  cm  in  diameter  and  1  mm  in  thickness)  weighing  1  to  2  grams.  The  blend  was 
then  cured  in  a  forced  air  convection  oven  (Blue  M  Model  DCI-146Q  at  220°C  for  various  time 
intervals. 


2.2.2.  Microwave  Processing 
2.2.2. 1,  Microwave  Instmmentation 

The  equipment  utilized  for  microwave  processing  is  shown  in  Figure  25  and  further 
described  in  Table  2.  It  consists  of  a  Raytheon  magnetron  operating  at  a  frequency  of  2.45  GHz, 
coaxial  transmission  lines,  a  circulator,  a  direction^  coupler,  power  sensors,  power  meters  and  a 
tunable  cavity.  Table  2  provides  the  model  numbers  and  suppliers  of  the  various  components.  In 
this  experimental  set-up  the  microwave  power  generated  by  the  Raytheon  magnetron  was 
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INPUT  REFLECTED 
POWER  POWER 
MAGNETRON  METER  METER 
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Figure  25*  Schematic  repreaentatlon  of  the  Inatrumentatlon  used  for  microwave  procaealngt 


Table  2.  Components  of  the  microwave  instrumentation. 


Component  Company  Model 


Magnetron,  0-120  watts 
Coaxial  Cable,  modified 
Circulator 

coaxial  Cable  {RG-214) 
Termination,  17S  watts 
Termination,  40  watts 
Directional  Coupler,  dual  (20dB 
Directional  Coupler  (20dB) 
Adapter 
Adapter 

Attenuators  (20dB) 

Power  Sensors 
Power  Meter 
Frequency  Meter 
Coaxial  Cable 


Raytheon 

PCM-lOXl 

Raytheon 

S7111G2E 

Ferrite  Control 

2620 

Coax  Connection 

CC2S47-36 

NARDA 

369BNF 

NARDA 

376BNF 

NARDA 

3022 

NARDA 

3003 

NARDA 

614A 

Hewlett  Packard 

S281A 

Weinschel 

49-20-43 

Hewlett  Packard 

8481B 

Hewlett  Packaurd 

435B 

Hewlett  Packard 

53  6A 

Maury  Microwave 

8913C-36 

•Components  in  50  ohm  and/or  coaxial  form. 
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transmitted  through  a  coaxial  transmission  line  to  a  circulator  which  protreted  the  magnetron  from 
reflected  power  by  dissipating  it  at  an  external  termination  site.  A  di^tional  coupler  was  utilired 
to  divert  power  so  the  incident  and  reflected  radiation  could  be  monitored  via  power  sensors  and 
meters.  The  tunable  cavity  was  a  17.8  cm  diameter,  cylindrical  brass  applicator. 

The  ela^tromagnetic  applicator  (Figure  26)  was  designed  and  constructed  by  Michigan  State 
University  for  the  purpose  of  eiflier  materials  processing  or  plasma  generation  [176,177].  It 
operates  in  a  single-mode  capacity  and  has  a  distinct  advantage  over  multimale  applicators;  the 
impedance  mismateh  between  tiie  external  circuit  and  the  applicator  because  of  changes  in  toe 
dielwtric  properties  of  toe  loaded  material  during  processing  can  be  cortwted  by  manually  tuning 
the  applicator  [176,177].  This  allows  for  toe  reproducible,  uniform  curing  of  polymeric  materials 
in  a  controlled  electromagnetic  field.  Several  defined  modes  can  exist  in  tois  cavity  by  adjusting 
toe  cavity  length  and  coupling  probe  depth.  The  TEl  1 1  mode  was  chosen  to  process  toe  polymers 
described  in  this  dissertation.  The  field  distributions  of  the  two-dimensional  TEn  mode  and  the 
three-dimensional  TEm  mode  are  shown  schematically  in  Figure  27.  The  TEm  is  the  lowest 
mode  in  tois  cavity,  existing  at  a  theoretical  cavity  length  of  6.69  cm.  Determination  of  the  mode 
was  mMie  by  inserting  a  microcoax  electric  field  probe  into  the  cavity  wall  as  shown  in  Figure  26. 

Cure  temperature  was  monitored  via  a  Luxtron  fluoroptic  thermometry  system  (Model  750). 
Electrically  nonconductive  fiber  optic  probes  (one  to  four)  were  placed  into  toe  sample  through  the 
circular  ojtoning  in  the  top  of  the  applicator.  The  probes  were  fr^uently  placed  into  thin  pyrex 
glass  capillaries  (Fisher  Scientific  melting  point  tubes)  to  protect  toe  fragile  tips  from  damage.  The 
cure  temperature  was  monitored  every  second  with  an  accuracy  of  ±1.0°C.  The  Luxtron  fluoroptic 
thermometry  system  and  the  Hewlett  Packard  power  meters  were  interfaced  with  an  IBM  personal 
computer.  The  computer  was  programmed  to  simultaneously  record  the  powers  and  temperature 
as  a  function  of  time  during  toe  processing  experiments. 


2.2.2.2.  Epoxy  Resins 

The  epoxy  resin  was  prepared  as  previously  described  (Section  2.2. 1.8.).  The 
homogeneous  epoxy/curing  agent  mixture  was  allowed  to  cool  to  room  temperature  in  the  reaction 
flask.  The  solution  was  then  heated  to  approximately  1{X)°C  as  needed  using  a  hot  air  gun  to  allow 
for  toe  pouring  of  the  resin  into  silicone  rubber  molds.  Prior  to  electromagnetic  processing,  the 
reaction  proce^ed  to  approximately  8  to  10  percent  conversion  by  differential  scanning 
calorimetry.  Selection  of  the  proper  molding  compound  was  very  important;  General  Electric's 
RTV  664  was  selected  because  it  was  free  of  electrically  conductive  fillers.  Molds  were  fabricated 
to  yield  either  four  three-point  bend  fracture  toughness  specimens  (Section  2.2.3. 8.)  or  two 
flexural  modulus  specimens  (Section  2.2.3.9.).  The  outer  dimensions  of  the  molds  were 
approximately  4  cm  x  4  cm  x  1  cm.  Preheating  of  the  mold  was  necessary  prior  to  toe  addition  of 
the  epoxy  resin  mixture  to  prevent  void  formation  in  toe  cured  resins. 

The  preheated  mold  was  placed  in  the  center  of  toe  cavity.  An  additional  empty  silicone 
rubber  mold  was  stacked  underneath  the  mold  to  raise  the  height  of  the  samples  to  2.5  cm.  The 
mold  was  oriented  so  that  the  length  of  the  fracture  toughness  or  flexural  modulus  specimens  was 
perpendicular  to  the  coupling  probe  inside  toe  applicator.  Uniformity  of  toe  temperattire  over  the 
sample  specimens  was  confumed  by  placing  multiple  fiber  optic  temperature  probes  in  toe  resin. 
The  sample  temperature  was  relatively  uniform  (±2°Q  except  at  toe  very  outermost  edges  of  toe 
specimens  which  was  slightly  cooler  (approximately  5-10°C5  because  of  heat  dissipation  into  toe 
mold. 

The  neat  epoxy  resins  were  cured  at  a  constant  power  of  21-22  watts.  The  power  varied 
slightly  depending  on  toe  condition  (Q  f^tor)  of  toe  microwave  applicator.  The  modified  epoxy 
resins  were  cured  at  slightly  higher  processing  powers  (27-28  watts)  because  of  their  higher 
viwosity  and  rcducoi  mobility.  To  investigate  the  control  of  morphology  in  the  modifi^  epoxy 
resin  networks  variable-power  processing  was  utilized.  A  maximum  temperature  of  20®C  above 
toe  maximum  achievable  glass  transition  temperature,  Tgoo,  was  reached  in  all  toe  thermoset 
systems.  The  Epon  828/4,4'-DDS  system  achieved  a  maximum  temperature  of  approximately 
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Figure  26.  Cross-sectional  view  of  the  cylindrical  microwave  applicator. 

Full  cross-section  is  the  e=0*C  plane  passing  through  the 
input  probe.  Partial  cross-section  e*90®C  displays  the 
microcoax  inputs.  The  numbered  pieces  are:  (1)  conducting 
cylindrical  shell,  (2)  sliding  short,  (3)  end  plate, 

(4)  silver  finger  stock,  (5)  screened  viewing  port, 

(6)  coaxial  input,  (7)  adjustable  coupling  probe,  (8)  brass 
microcoax  probe  holder,  (9)  diagnostic  holes,  and  (10)  micro¬ 
coax  electric  field  probe  (173). 


Figure  27.  Field  lines  for  the  two-dimensional  TEji  mode  and  three 
dimensional  TEm  mode. 


220°C,  while  the  Epon  828/3,3-DDS  and  E>GEBA/4,4'-DDS  systems  achieved  maximum 
temperatures  of  190°C  and  250®C,  res|»ctively.  In  most  instances  the  epoxy  resin  mixture  was 
approximately  50®C  prior  to  the  application  of  the  radiation.  When  heat^  from  room  temperature 
(20°C-25®C)  higher  processing  powers  (27-33  watts)  were  need^  to  properly  cure  the  resins 
because  of  the  reduced  dielecttic  loss  of  the  resin  at  the  lower  temperature. 


2.2.2.3.  Functionalized  Poly(arylene  ether  ketone)s 

The  nmleimide,  nadimide  and  amino  functionalized  poly(arylene  ether  ketone)s  (PEK)  were 
cured  from  cold  pressed,  one  gram  discs  (approximately  2  cm  in  diameter  and  1  mm  in  thickness). 
The  samples  were  cured  from  room  temperature  in  a  cylindrical  teflon  sample  holder,  possessing 
an  inner  diameter  of  2  cm  and  an  outer  cUameter  of  2.5  cm,  in  the  geometric  center  of  microwave 
applicator.  Two  pieces  of  silicone  rubber  (2  cm  x  2  cm  x  1.2  cm)  were  utilized  to  elevate  the  teflon 
sample  holder  to  the  center  of  the  TEm  mode.  An  additional  piece  of  silicone  rubber  was  placed 
on  the  top  of  the  sample  holder  in  order  to  secure  the  fiber  optic  temperature  probes  and  to  insulate 
the  sample  to  prevent  heat  convection  losses  from  the  specimen.  The  samples  were  cured 
isothermally  at  various  temperatures  by  controlling  the  electric  field  strength  around  the  specimen. 
An  initial  input  power  of  60  watts  was  utilized  to  reach  the  desired  cure  temperature.  The  cure 
temperature  was  then  held  constant  (±1°Q  by  either  reducing  the  input  power  or  detuning  the 
microwave  cavity. 


2.2.2.4.  Blends  of  Bismaleimidodiphenylmethane  and  Maleimide-terminated  Poly(arylene  ether 
ketone) 

Bismaleimidodiphenylmethane  and  maleimide-terminated  poly(arylene  ether  ketone)  blends 
were  prepared  as  previously  described  (Section  2.2.1.10.).  The  blends  were  then  cold  pressed 
and  processed  in  an  analgous  manner  to  the  functionalized  poly(aiylene  ether  ketone)s  (Section 
2.2.2.3.). 


2.2.3.  Characterization 

2.2.3. 1.  Potentiometric  Endgroup  Titration 

Titrations  of  fimctional  monomers  and  oligomers  were  performed  on  either  a  Fisher  Scientific 
Titrimeter  n  or  MCI  GT-5  (COSA  Instruments  Corporation)  automatic  potentiometric  titrator. 
Samples  were  accurately  weighed  into  a  150  ml  beaker,  dissolved  with  60  ml  of  solvent  and  stirred 
to  dissolution.  Sample  quantities  were  chosen  to  require  approximately  2  to  4  ml  of  titrant.  After 
complete  dissolution,  the  electrodes  were  inserted  into  the  solution  and  the  titration  was  started. 

The  endpoint  was  determined  from  the  maximum  in  the  first  derivative  plot  of  the  titration  curve. 

A  blank  titration  (solvent  only)  was  performed  with  the  same  titrant  and  solvent  volume.  The 
blank  volume  was  subtracted  from  the  endpoint  value. 

Amine-terminated  poly(arylene  ether  ketone)  and  poly(arylene  ether  sulfone)  oligomers  were 
dissolved  with  a  70/30  (v^)  mixture  of  chlorobenzene  (freshly  distilled)  and  glacial  acetic  acid. 
Upon  complete  dissolution  the  mixture  was  titrated  with  0.02  N  anhydrous  hydrogen  bromide 
(HBr)  in  glacial  acetic  acid.  Monomeric  and  oligomeric  epoxides  were  titrat^  by  a  technique 
reported  by  Fritz  [178],  The  epoxide  was  weighed  into  a  150  ml  beaker  along  with  2  pams  of 
cetyltrimethylammonium  bromide.  The  mixture  was  then  dissolved  in  glacial  acetic  acid  and 
titrated  with  0.1  N  perchloric  acid  in  glacial  acetic  acid.  Both  titrants  were  standardired  by  titrating 
potassium  hydrogen  phtiialate  in  glacial  acetic  acid.  The  molecular  weights  reported  were  bas«i  on 
an  average  of  a  minimum  of  three  titrations. 
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2.2.3. 2.  Intrinsic  Viscosity 

The  intrinsic  viscosity,  [t)],  of  the  functionalized  oligomers  was  determined  in  chloroform  at 
25°C  using  a  Cannon-Ubbelohde  viscometer.  A  minimum  of  four  concentrations  were  used  for  the 
measurements.  The  intrinsic  viscosity  results  are  reported  in  units  of  deciliters  per  gram. 


2.2.3. 3.  Fourier  Transform  Infrared  Spectroscopy  (FTIR) 

A  Nicolet  lODX  spectrophotometer  was  utilized  for  obtaining  the  infrared  spectra  on  the 
functionalized  oligomers  and  monomers.  The  functionalized  oligomers  were  analyzed  in  the  form 
of  thin  films  cast  from  dilute  chloroform  solutions.  Monomers  were  examined  as  potassium 
bromide  pellets. 


2.2.3. 4.  Differential  Scanning  Calorimetry 

Glass  transition  temperatures,  melting  points  and  epoxy  network  curing  investigations  were 
determined  on  either  a  Perkin-Elmer  DSC-4  or  a  DuPont  912  connected  to  a  DuPont  2100  Thermal 
Analyst  The  baseline  was  checked  for  flamess  and  temperature  calibration  was  accomplished 
using  a  two-point  calibration  procedure  with  indium  and  lead  standards.  The  heating  rate  was  10°C 
per  minute  with  reported  values  being  obtained  from  either  the  first  or  second  scan,  as  indicated. 
The  glass  transition  temperature  was  defined  as  the  midpoint  of  the  slope  change  from  the  baseline. 
The  extent  of  cure  in  the  epoxy  resin  networks  was  determined  by  taking  the  ratio  of  the  difference 
between  the  total  enthalpy  of  polymerization  and  the  exotherm  of  the  partially  cured  network  to  the 
total  enthalpy  of  polymerization.  The  total  enthalpy  of  polymerization  was  385  J/g  for  Epon  828 
and  4,4'-DDS.  It  was  determined  by  dissolving  Epon  828  and  DDS  in  acetone,  followed  by 
vacuum  d^ing  at  ambient  temperature  to  ensure  no  reaction  prior  to  DSC  analysis.  All  scans  were 
run  in  a  nitrogen  atmosphere. 


2.2.3. 5.  Percent  Gelation  from  Solvent  Extractions 

The  percent  gelation  in  the  crosslinked  maleimide,  nadimide  and  amino  functionalized 
poly(arylene  ether  ketone)s  was  determined  from  solvent  extractions.  Cellulose  fiber  extraction 
thimbles  were  utilized  with  one  to  two  gram  samples  in  soxhlet  extraction  apparatus.  The  samples 
were  extracted  with  chloroform  for  5  days.  In  order  to  obtain  very  precise  and  accurate  results 
weighing  was  performed  on  an  analytical  balance  and  great  care  was  taken  in  the  pretreatment  and 
drying  of  the  extraction  thimbles,  ftetreatment  of  the  thimbles  involved  soaking  in  chloroform  for 
24  hours,  then  drying  under  vacuum  for  3  hours  at  20°C,  15  hours  at  HO^C,  and  finally  4  hours  at 
20°C.  The  thimbles  were  removed  from  the  vacuum  oven  and  weighed  immediately.  A  known 
amount  of  sample  was  then  added  to  the  thimble  and  extracted-  After  the  extraction  the  same 
drying  and  weighing  procedure  was  repeated  and  the  percent  gelation  was  determined  from  the 
equation  below: 


Percent  Galatian 


X  100 


(14) 


where  w,  and  wf  are  the  initial  and  final  weights  of  the  sample,  respectively. 
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2.2.3.6.  Scanning  Electron  Microscopy 


Scanning  electron  microscopy  (SEM)  was  utilized  to  study  the  phase  separation  behavior  in 
the  thermoplastic-modified  epoxy  rosin  networks.  Two  different  instruments  were  utilized  in  the 
SEM  investigations.  An  International  Scientific  Instrument  Model  SX-40  was  used  to  examine  the 
surface  topography  up  to  a  magnification  of  10,000X,  and  a  Phillips  EM-420  Scanning 
Transmission  Electron  Microreope  (STEM)  was  utilized  for  higher  magnifications  (up  to 
100,000X).  Fracture  surfaces  were  mount^  on  either  copper  or  aluminum  substrates  using  a 
conductive  silver  paint  as  an  adhesive.  The  specimens  were  then  coated  with  approximately  A  of 
gold  using  a  Bio-R«i  Polaron  (Model  E5400)  high  resolution  sputter  coater  to  improve 
conductivity  and  prevent  charging.  The  firacture  surfaces  were  examined  with  an  electron  beam 
voltage  of  15,000  volts  and  a  tilt  angle  of  0°  to  30°. 


2.23.1.  Dynamic  Mechanical  Thermal  Analysis 

Dynamic  mechanical  thermal  analysis  (DMTA)  was  utilized  to  investigate  the  degree  of  phase 
separation  in  tiie  thermoplastic-toughened  epoxy  resin  networks.  A  Polymer  Laboratories  Mark  n 
instrament  was  used  at  a  frequency  of  1  Hz  and  a  strain  amplitude  of  20  pm.  Sample  specimens 
possessing  dimensions  of  3.0  mm  x  6.5  mm  x  30  mm  were  mounted  in  a  dual-cantilever  clamp 
and  evaluated  at  a  heating  rate  of  5°C  per  minute  over  a  30°C-350°C  temperature  range. 


2.2.3.8.  Fracture  Toughness 


The  fracture  behavior  of  the  thermoplastic-modified  epoxy  resin  networks  was  examined 
according  to  the  procedures  described  by  the  American  Society  for  Testing  and  Materials 
specification  (ASTM  E399).  Three-point  bend  specimens  (Figure  28)  possessing  dimensions  of 
3.2  mm  x  6.5  mm  x  38  mm  were  cast  into  silicone  rubber  molds  as  previously  described  (Section 
2.2. 1.9.).  The  specimens  were  prepared  for  the  testing  by  notching  (approximately  0.5  mm  deep) 
the  sample  in  the  middle  with  a  reciprocating  saw.  A  sharp  crack  was  then  initiated  at  the  base  of 
the  notch  by  carefully  tapping  a  fresh  razor  blade  in  the  slot  To  insure  an  infinitesimally  sharp 
crack  the  razor  blade  was  previously  chilled  by  submersion  in  liquid  nitrogen.  Care  was  taken  to 
insure  tiiat  the  crack  propagated  evenly  about  midway  through  the  thickness  of  the  specimen.  The 
specimen  was  then  placed  into  the  three-point  bend  apparatus  (depicted  in  Figure  29),  which  was 
affixed  to  an  Listron  testing  machine  (Model  1123).  Samples  were  tested  at  a  crosshead  speed  of 
0,5  mm  per  minute  (or  0.02  in  per  minute)  until  failure.  Upon  failure,  the  various  specimen 
geometries  were  measured  with  a  dial  caliper  and  the  critic^  stress  intensity  to  cause  catastrophic 
fkilure  in  mode  I  (tensile)  opening  was  calculated  by: 


K 


Ic 


?.S 


t2.9(a/w)‘/^  -  4.6(a/w)^/^  +  21.8{a/w)^>^ 
-  37.6(a/w)^'^  +  3a.7(a/w)’^l 


CIS) 


where  P  =  load  at  failure 
S  =  span  between  supports 
b  =  thickness 
W  =  width 
a  =  crack  length 

The  calculated  results  were  reported  in  units  of  N/m^^. 
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Figure  28.  Three-point  bend  specimen  utilized  to  determine  fracture 
toughness. 
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Figure  29.  Schematic  of  the  three-point  bend  fixture  used  for  determining 
both  fracture  toughness  and  flexural  modulus. 
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2.2.3.9.  Flexural  Modulus 


The  flexural  modulus  of  the  epoxy  resin  networks  was  evaluated  acconiing  to  the  standards 
of  the  American  Society  for  Testing  and  Material  specification  (ASTM  E966).  TTiree-point  bend 
specimens  possessing  dimensions  of  1.5  mm  x  13  mm  x  52  mm  w&t  tested  in  the  apparatus 
depicted  in  Figure  29  with  an  Instron  testing  machine  (Model  1 123)  at  a  constant  displacement  of  1 
mm  per  minute  until  failure.  The  flexural  modulus  was  then  calculated  from  the  lo^  versus 
crosshead  displacement  plot  and  tiie  following  equation: 


4.01  X  10^°  P  0 
W  C 


(16) 


where  P  =  load 
D  =  crosshead  displacement 
W  =  width 
T  =  thickness 
C  =  chart  speed 

The  calculated  results  arc  reported  in  units  of  Pascals. 


2.3.  Results  and  Discussion 

2.3.1.  Epoxy  Resin  Networks 

2.3. 1.1.  Introduction 

Epoxy  resin  networks  have  gained  wide  acceptance  in  elecMcal  and  structural  applications 
because  of  their  exceptional  combination  of  properties  such  as  high  strength,  adhesion,  chemical 
resistance,  thermal  stability  and  superior  electrical  properties.  However,  in  many  structural 
applications,  such  as  composite  matrix  resins,  their  application  is  limted  by  Ae  extensive  curing 
cycles  requi^  to  develop  optimum  mechanical  properties.  In  this  investigation  microwave 
radiation  was  utilized  to  cure  epoxy  resin  networks  to  determine  if  the  long,  complex  cure  cycles^ 
required  to  thieve  optimum  mechanical  properties  could  be  reduced.  These  cycles  usually  consist 
of  slow  thermal  ramp  rates  to  assure  uniform  temperatures  throughout  the  material,  with  long  time 
periods  at  plateau  temperatures  to  allow  the  reaction  to  reach  completion  in  a  controlled  manner  and 
to  avoid  excessive  heat  buildup,  because  of  the  highly  exothermic  nature  of  the  process.  The 
application  of  electromagnetic  r^ation  to  this  area  of  processing  is  ided  because  of  the  large 
penetration  depth  of  microwave  radiation,  which  provides  rapid  and  uniform  heating  rates. 


2.3. 1.2.  Microwave  Processing 

The  interaction  of  microwave  radiation  with  dielectric  materials  has  been  previously 
discussed  (Section  2.O.).  The  net  result  is  the  conversion  of  electromagnetic  energy  into  thermal 
energy  or  heat.  The  heating  rate  is  a  function  of  several  parameters  as  described  by  the  ^nation 
below; 


dT  K  f  ir  «•  (T)  tan5(T) 


dt  p  C„ 


(17) 
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where  K  is  a  constant,  f  is  the  applied  frequency,  E  is  the  electric  field  strength,  p  is  the  density,  Cy 
is  the  specific  heat,  e'  is  the  dielectric  constant  and  tanS  is  the  dielectric  loss  tangent.  The  heating 
rate  equation  (Equation  2)  provides  a  qualitative  representation  of  the  variables  5iat  influence  the 
microwave  heating  rates  of  polymeric  materials  when  subjected  to  an  electromagnetic  field. 
However,  it  only  accounts  for  heating  that  is  due  to  the  interaction  of  the  microwave  radiation  with 
the  material;  it  ignores  convection  and  conduction  losses  as  well  as  heating  effects  that  are  due  to 
conductivity  and  the  heat  of  reaction  (if  applicable). 

The  heating  rate  equation  was  examined  by  evaluating  the  temperature-time  profile  of  various 
weights  of  neat  Epon  828  (a  nonreactive  liquid  epoxy  resin)  as  shown  in  Figure  30.  Neat  Epon 
828  can  undergo  homopolymerization  at  temperatures  in  excess  of  300°C;  however,  under  the 
conditions  utilized  in  this  investigation  it  can  be  considered  nonreactive.  The  general  shape  of  the 
curves  shown  in  Figure  30  was  representative  of  most  nonreactive  systems.  An  initial  large  rise  in 
temperature  was  observed,  followed  by  a  decrease  in  the  heating  rate  and  an  eventual  approach  to  a 
constant  value  (i.e.  slope  of  the  curve  approximately  equal  to  zero).  The  reduction  in  the  heating 
rate  and  the  corresponding  leveling  off  effect  can  be  attributed  to  a  thermal  equilibrium  state  that 
was  achieved  as  the  rate  of  heat  dissipation  to  the  environment  became  equivalent  to  the  rate  of 
sample  heating  because  of  microwave  energy  absorption.  Equation  17  can  be  utilized  to  predict  the 
initial  heating  rate  of  the  curves  in  Figure  30;  however,  beyond  this,  additional  terms  are  required 
to  account  for  heat  losses  to  convection  and  Aermal  transfer  to  the  mold. 

In  general,  the  factors  that  influence  the  shape  of  temperature-time  profiles  include:  (i)  the 
dielectric  loss  behavior  of  the  sample,  (ii)  the  incident  power  and  position  of  the  sample  within  the 
cavity,  (iii)  the  sample  size,  (iv)  the  sample  geometry,  and  (v)  the  heat  capacity  of  the  polymer  and 
mold. 

The  dielectric  loss  factor  is  the  most  important  parameter  effecting  the  heating  rate  of  a 
polymer.  The  dielectric  properties  are  a  function  of  temperature;  thus,  as  temperature  increases 
both  e*  and  mobility  increase,  and  the  ability  of  the  polymer  to  couple  with  the  electromagnetic  field 
is  enhanced.  Chen  et  al.  [179]  has  defined  a  variable  Imown  as  the  critical  temperature  Tc  for 
microwave  heating.  Above  Tc,  polymers  heat  up  very  rapidly  when  subjected  to  electromagnetic 
radiation,  and  below  Tc  the  heating  rate  is  very  slow.  Tc  is  a  function  of  the  dielectric  loss 
behavior  of  the  sample  at  microwave  frequencies.  With  polymeric  materials  the  dielectric  loss 
dispersion  shifts  to  higher  temperatures  as  frequency  is  increased.  The  degree  to  which  the 
dispersion  shifts  at  a  frequency  of  2.45  GHz  may  be  estimated  by  analyzing  sample  mass.  The 
properties  of  the  polymer  in  the  dielectric  frequency  range  using  ^electric  thermal  analysis 
(DETA).  The  principles  of  this  technique  will  be  explained  in  greater  detail  in  a  later  section  of  this 
dissertation,  where  the  technique  of  microwave  calorimetry  has  been  applied  to  nonreactive 
thermoplastic  blends  (Section  3.2.4.). 

The  input  power  and  the  position  of  the  sample  in  the  cavity  both  make  significant 
contributions  to  the  initial  slopes  of  the  curves  in  Figure  30.  The  heating  rate  (^nation  17)  is 
proportional  to  the  electric  field  strength  squared;  thus,  as  input  power  is  increased  for  a  constant 
mass  of  sample,  the  heating  rate  is  accelerated.  Furthermore,  since  the  power  density  stored  in  the 
microwave  applicator  is  not  constant  throughout,  the  position  of  the  sample  within  the  cavity  has  a 
strong  bearing  on  the  heating  rate. 

According  to  Equation  17,  the  heating  rate  should  increase  as  the  sample  mass  of  a 
nonreacting  sample  is  reduced.  This  theory  was  examined  by  heating  various  weights  of  neat 
Epon  828  at  a  constant  input  power  with  the  microwave  applicator  critically  coupled  in  the  TEm 
mode.  Indeed,  the  results  demonstrated  (as  shown  in  Figure  30)  that  the  heating  rate,  as  evaluated 
by  the  initial  slope  of  the  temperature-time  profile,  increased  as  the  mass  of  the  nonreactive  sample 
(neat  Epon  828)  decreased. 

The  sample  geometry  and  the  heat  capacity  of  the  polymer  and  the  mold  also  influence  the 
shape  of  the  curves  in  Figure  30.  Convection  losses  to  the  environment  decrease  as  the 
volume/surface  area  ratio  of  the  sample  increases.  And  the  heat  capacity,  being  a  measure  of  the 
ability  of  a  substance  to  heat,  not  only  influences  the  rate  of  temperature  increase,  but  also  the  rate 
of  temperature  decrease. 
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Figure  30.  Sesperature-tiae  profile  for  neat  Epon  828  as  a  function  of 
sample  mass. 


The  temperature-time  profile  of  a  thermosetting  epoxy  resin  system  was  much  more 
complicated  than  that  of  neat  Epon  828.  This  can  be  attributed  to  both  the  reaction  exotherm  and 
the  changing  dielectric  loss  behavior  of  the  resin  with  network  formation.  A  typical  temperature¬ 
time  proffle  for  an  electromagnetically  processed  epoxy  resin  comprised  of  Epon  828  and  4,4'- 
DDS  is  given  in  Figure  31.  Three  distinct  regions  were  observed  in  Figure  31  corresponding  to  (I) 
heating  of  the  monomers,  (II)  the  reaction  exotherm,  and  (HI)  cooling  of  the  cured  system.  These 
results  were  consistent  with  previously  published  observations  by  Gourdenne  et  al.  [1 1-14]. 

In  region  I  of  Figure  31,  the  temperature- time  curve  obeyed  the  heating  rate  equation 
(Equation  17)  in  a  sinular  manner  to  neat  Epon  828.  In  region  n  a  decrease  in  the  heating  rate  was 
observed  because  of  heat  loss  to  the  environment,  followed  by  rapid  heating  (3  to  5°C/second)  with 
the  onset  of  the  reaction  exotherm.  In  contrast  to  nonreactive  systems,  sample  mass  not  only 
influences  the  initial  heating  rate  but  also  determines  the  maximum  temperature  reached  during 
processing,  since  this  is  governed  by  the  magnitude  of  the  reaction  exotherm.  In  region  HI  of  the 
temperature-time  curve  cooling  was  observed  because  of  a  combination  of  the  completion  of  the 
reaction  exotherm  and  to  lower  microwave  absorption  with  network  formation.  With  increasing 
network  conversion,  corresponding  decreases  in  both  mobility  and  dielectric  loss  of  the  resin 
result,  and,  microwave  absorption  is  reduced.  Furthermore,  when  the  network  reaches  the  stage 
of  vitrification,  the  Tg  of  the  network  becomes  equivalent  to  the  cure  temperature,  thus  restricting 
motion  and  hampering  the  ability  of  the  electromagnetic  field  to  effectively  couple  with  the  dipoles. 

In  summary,  the  temperature-time  profiles  discussed  in  this  section  are  a  function  of 
numerous  parameters,  because  of  the  complexity  of  the  microwave  absoiption  process.  Defining 
the  variables  needed  to  obtain  good  process  control  is  crucial.  After  the  processing  parameters 
have  been  identified,  they  can  be  varied  in  a  systematic  fashion  to  control  the  rate  of  heating  and 
effectively  process  polymers. 


2. 3. 1.3.  Thermal  Analysis 

Glass  transition  temperatures  and  the  extent  of  cure  in  the  microwave  and  thermally  cured 
epoxy  resin  networks  were  determined  using  differential  scanning  calorimetry  (DSC).  DSC 
provides  a  simple  method  for  monitoring  the  extent  of  reaction  by  observing  the  residual  exotherm 
of  polymerization.  A  DSC  heating  trace  (first  heat)  for  a  partially  cured  Epon  828/4 ,4 '-DDS  epoxy 
resin  sample  processed  with  microwave  radiation  is  given  in  Figure  32.  A  Tg  of  165°C  and  a 
reaction  exotherm  indicating  that  a  degree  of  cure  of  98%  was  achieved  during  microwave 
processing  can  be  ascertained  from  this  scan.  Typically,  microwave  processed  samples  exhibited  a 
Tg  of  approximately  180°C  and  a  degree  of  cure  in  excess  of  99%.  The  second  DSC  heating  scan 
for  the  microwave  cured  network  demonstrated  a  higher  Tg  of  199°C  (as  shown  in  Figure  33) 
because  of  completion  of  the  reaction  after  being  heated  to  330°C  during  the  first  scan.  This  value 
was  in  agreement  with  that  obtained  for  conventional  thermal  processing. 

The  glass  transition  temperature  results  in  Table  3  shows  that  incomplete  conversion  of  1  or  2 
percent  can  depress  the  Tg  of  the  network  up  to  25°C.  In  general,  for  isothermal  cure  temperatures 
below  the  minimum  temperature  required  to  achieve  complete  cure,  Tgoo,  reaction  proceeds  to  the 
point  at  which  the  Tg  corresponds  to  the  cure  temperature.  At  this  point  vitrification  occurs  and 
further  curing  at  or  below  the  same  isothermal  cure  temperature  is  very  slow.  At  vitrification  the 
reaction  shifts  from  chemical  control  to  diffusion  control  and,  for  all  practical  purposes,  further 
curing  is  halted.  For  isothermal  cure  temperatures  equal  to  or  greater  than  Tgoo,  essenti^ly 
complete  conversion  was  obtained  as  can  be  shown  in  Figure  34.  When  EMR  constant  power 
processing  was  employed,  the  samples  were  exposed  to  the  temperature-time  profile  shown  in 
Figure  31.  Thus,  the  incomplete  conversion  (approximately  1  to  2  percent)  exhibited  by  the 
microwave  processed  epoxy  resins  may  be  attributed  to  the  relatively  short  period  of  time  that  the 
samples  remained  above  Tgcx>. 

A  conversion  versus  time  plot  for  the  microwave  and  conventional  isothermally  cured  epoxy 
resin  networks  (based  on  Epon  828/4,4'-DDS)  is  shown  in  Figure  34.  This  plot  demonstrates  the 
enormous  capability  of  electromagnetic  radiation  (EMR)  processing.  The  EMR  processed 
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Piguca  33.  Second  DSC  heating  scan  for  an  electromagnetically  processed 
epoxy  resin  network. 
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Table  3.  siaas  traaaitloa  ^aoparaburaa  foe  th«  aicrowa'Ta  asd 
bliarsally  p»cossad  apoxy  rasin  aebvorks. 


Wab-work 

Syatas 

Micr 

Eirsd  Head 

oware 

Second  Head 

Theraal 

First  Eaat  Second  Heat 

Spoa  828/4, 4*-DDS 

ISO 

199 

199 

199 

Epoa  828/3, 3 ‘ -DOS 

1S5 

170 

170 

170 

DGSSA/4, 4 ' -DOS 

212 

230 

230 

230 
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materials  achieved  98%  to  100%  conversion  in  less  than  600  seconds  (10  minutes).  Samples  cured 
isothermally  in  a  forced-air  convection  oven  at  210°C  and  190°C  took  significantly  longer  to  reach 
this  same  degree  of  conversion  (approximately  30  to  60  minutes,  respectively).  This  represents  a 
three-  to  sixfold  reduction  in  the  time  required  to  cure  these  networks.  The  mechanism  of  the 
accelerated  curing  rate  is  uncertain.  Two  proposals  have  been  put  forth  to  explain  the  reduced 
curing  times.  The  first  attributes  the  acceleration  to  the  novel  mechanism  of  energy  transfer  with 
EMR  processing  [11-14].  And,  the  second  proposal,  put  forward  by  Lewis  et  al.  [63,64] 
attributes  the  accelerated  reaction  rates  to  localized  heating  on  the  molecular  level,  as  previously 
discussed  (Section  2. 1.1.7). 


2.3. 1.4.  Mechanical  Properties 

Several  investigators  have  employed  microwave  radiation  to  cure  thermosetting  epoxy  resins 
as  previously  discussed  (Section  2. 1.1.1.).  The  results  of  these  investigations  indicated  an 
acceleration  of  the  curing  process  upon  exposure  to  the  electromagnetic  field.  However,  until  the 
current  investigation,  the  influence  of  EMR  processing  on  the  mechanical  properties  of  the  cured 
epoxy  resin  networks  were  unknown.  Mechanical  property  evaluation  of  these  networks  is 
crucial,  especially  since  these  materials  are  targeted  for  high  performance  stractural  applications. 

The  mechanical  properties  of  the  microwave  and  thennally  processed  epoxy  resin  networks 
are  given  in  Table  4.  The  results  were  based  on  an  average  of  15  to  20  samples  for  each  fracture 
toughness  value  and  8  to  10  samples  for  each  flexural  modulus  value  with  a  reported  error  of  two 
standard  deviations.  Fracture  toughness  provides  a  measure  of  the  brittleness  of  the  material,  and 
flexural  modulus  gives  an  indication  of  the  strength  of  the  cured  network.  The  results  shown  in 
Table  5  as  a  function  of  processing  were  essentially  identical  within  experimental  error.  This 
indicated  that  accelerated  microwave  processing  had  no  adverse  effects  on  either  the  toughness  or 
strength  of  the  cured  networks. 


2.3.2.  Thermoplastic-Modified  Epoxy  Resin  Networks 
2.3.2. 1.  Introduction 

Thermoplastic-toughened  epoxy  resin  networks  are  currently  being  utilized  as  high 
performance  composite  matrix  resins  and  adhesives  in  the  aerospace  and  aircraft  industries.  These 
systems  possess  a  distinct  advantage  over  the  neat  resin  networla;  damage  tolerance  as  measured 
by  compression  after  impact  (CAI)  testing  is  significantly  enhanced  by  the  presence  of  the  phase- 
separated  thermoplastic  toughener.  Thermoplastic  modifiers  are  tough,  ductile  engineering 
polymers  possessing  high  glass  transition  temperatures.  When  incorporated  into  thermosets 
enhanced  toughness  can  be  achieved  without  compromising  the  high-modulus  or  thermal  stability 
of  the  network,  contrary  to  rubber-toughened  systems. 

Selection  of  a  suitable  modifier  is  crucial  since  its  compatibility  with  the  epoxy  determines  the 
extent  and  type  of  phase  separation.  The  thermoplastic  modifier  must  be  initially  soluble  in  the 
epoxy  resin  before  undergoing  an  in  situ  phase  separation  process  during  network  formation.  The 
compatibility  of  the  modifier  in  the  epoxy  resin  varies  with  chemical  composition,  endgroup 
functionality,  molecular  weight,  and  percent  incorporation.  The  thermoplastic  modifier  chosen  in 
this  investigation  was  an  amino  functionalized  poly(arylene  ether  sulfone)  (PSF)  oligomer.  Amino 
functionalization  of  the  polysulfone  served  two  purposes.  First,  it  allow^  the  PSF  to  actually 
chemically  react  with  the  epoxy,  thus  maintaining  the  solvent  resistant  character  of  the  network. 
Second,  it  enhanced  the  compatibility  between  the  polysulfone  and  epoxy  resin. 

Both  microwave  and  conventional  thermal  processing  techniques  were  employed  to  cure  the 
thermosetting  systems.  Microwave  radiation  was  utilized  to  determine  if  the  long,  complex  cure 
cycles  required  to  achieve  optimum  mech^cal  properties  in  these  networks  could  be  reduced. 
And,  variable-power  microwave  processing  was  employed  to  determine  if  the  morphology  of  the 
modified  thermosets  could  be  controlled  in  a  systematic  fashion.  The  fracture  toughness  and 
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Table  4.  iteeliaslesi  prap*rbi«s  of  aicrows^  asd  Sharaall^  cured  mpaxy 
nsia  tbasaosaus. 


Foiymar  Syateo 

Microwave  Cure 

Kjg/loW^^  Bf/io’pa 

Theraal  Care 

Kjg/i0%s*’^  Sf/10’?a 

Epon  828/4, 4 '-DOS 

O.S  ±  0.2 

2.6  ±  0.3 

0.8  ±  0.2 

2.S  ±  0.3 

Epon  823/3,3 '-DOS 

0.7  ±  0.2 

3.1  ±  0.4 

0.8  ±  0.2 

3.0  ±  0.3 
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morphology  of  the  thermoplastic-toughened  epoxy  resin  networks  were  examined  to  evaluate  the 
feasibility  of  microwave  processing.  The  toughened  networks  were  also  investigated  as  a  function 
of  the  molecular  weight  and  percent  incorporation  of  the  polysulfone  modifier. 


2.3.2.2.  Preparation  of  Thermoplastic  Modified  Thermosets 

Amine-terminated  poly(arylene  ether  sulfone)  oligomers  were  successfully  synthesized  by  a 
nucleophilic  aromatic  substitution  reaction  utilizing  N-methylpyrrolidinone  as  a  solvent  and 
potassium  carbonate  as  a  weak  base  as  described  in  Section  2.2. 1.4.  The  Carothers  equation 
(Section  2.2. 1.6)  was  utilized  to  calculate  the  amount  of  m-aminophenol  required  to  achieve 
controlled  molecular  weight  and  amine  termination. Table  6  provides  the  theoretical  and  titrated 
molecular  weights  as  well  as  the  intrinsic  viscosities  and  glass  transition  temperatures  of  the 
oligomers  utilized  in  this  investigation.  As  demonstrated  by  Table  5,  as  molecular  weight 
increased,  corresponding  increases  in  the  viscosity  and  Tg  of  the  oligomers  were  observed.  The 
fully  characterize  amine-terminated  polysulfone  oligomers  were  then  utilized  together  with 
diaminodiphenylsulfone  to  cure  DGEBA  (Section  2.2. 1.9.)  to  form  the  thermoplastic-toughened 
epoxy  resin  networks. 


2.3.2.3.  Morphology 

Scanning  electron  microscopy  (SEM)  micrographs  of  actual  fracture  surfaces  of  the 
thermoplastic-modified  epoxy  resin  networks  are  shown  in  Figures  35  through  40  as  a  function  of 
molecular  weight,  percent  incorporation,  and  processing  technique.  Each  figure  in  this  series  is 
shown  at  two  magnifications  (5,000x  and  10,000x)  with  the  thermally  processed  samples  on  the 
left-hand  side  of  the  figure  and  Ae  electromagnetically  processed  samples  on  the  right-hand  side. 
The  fracture  surfaces  for  15  and  30  weight  percent  incorporation  of  a  6.0  kg/mole  PSF  oligomer 
are  shown  in  Figures  35  and  36,  respectively.  The  SEM  results  for  the  10.9  and  16.2  kg/mole 
PSF  oligomers  at  15  and  30  weight  percent  incorporations  are  shown  in  Figures  37  through  40. 


2.3.2.2. 1.  Effect  of  Modifier  Molecular  Weight 

The  influence  of  increasing  the  molecular  weight  of  the  thermoplastic  modifier  upon  the 
phase  separation  behavior  may  best  be  explained  by  analyzing  the  Flory-Huggins  equation 
(Equation  7).  Generally,  as  molecular  weight  (or  the  degree  of  polymerization)  of  one  or  both 
components  in  a  binary  mixture  increase,  the  mutual  solubility  of  the  two  polymers  decrease.  This 
may  be  attributed  to  a  reduction  in  the  combinatorial  entropy  term  in  Equation  7,  which  decreases 
the  magnitude  of  the  negative  entropic  contribution  (i.e.,  the  driving  force  for  miscibility)  to  the 
Gibbs  free  energy  of  mixing  [98,102]. 

The  effect  of  molecular  weight  of  the  polysulfone  modifier  in  the  current  investigation  may  be 
observed  by  evaluating  Figures  35, 37,  and  39,  where  at  a  constant  composition  (15  weight 
percent)  molecular  weight  of  the  PSF  was  increased  from  6.0  to  10.9  to  16.2  kg/mole, 
respectively.  Comparison  of  Figures  35, 37,  and  39  demonstrate  that  the  morphology  of  the 
toughened  networks  was  strongly  influenced  by  the  PSF  molecular  weight.  As  molecular  weight 
increased,  phase  separation  (for  both  the  thermal  and  microwave  processed  systems)  became  more 
pronounced  and  defined,  generating  a  two-phase  morphology. 

With  the  addition  of  15%  of  a  6.0  kg/mole  PSF  oligomer,  the  SEM  micrographs  in  Figure  35 
demonstrated  no  significant  topographical  features,  thus  suggesting  that  the  PSF  was  highly 
soluble  in  the  epoxy  resin  at  this  molecular  weight.  However,  as  molecular  weight  was  increased 
to  10.9  or  16.2  kg/mole  (Figures  37  and  39,  respectively),  the  PSF  phase-separated  into  a  well- 
defined,  two-phase  morphology  consisting  of  uniformally  dispersed  spheres  of  PSF  in  an  epoxy 
resin  matrix  for  both  the  electromagnetically  and  thermally  processed  materials.  The  size  of  the 
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Table  S.Qiaraetarlxation  of  aoina-tarsiisafsd  polysulfosa  ollgoaars 
acilizad  as  thasssoplaatie  toughaniag  agas&a. 


Theoretical 

<«»> 

(]^/2U5le) 

Titrated  - 

(]cg/mole) 

25*C 

iril 

C%Cl2 

S.O 

6.0 

166 

0.13 

10.0 

10.9 

178 

0.18 

IS.O 

16.2 

130 

0.22 

"Determined  by  second  heating  scan  from  DSC. 
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spheres  was  approximately  0.5  to  0.7  pm  in  diameter  for  the  thermally  cured  systems  and  0.1  to 
0.2  pm  for  the  electromagnetically  processed  materials.  The  effect  of  molecular  weight  was  even 
more  pronounced  at  30%  incorporation  as  shown  in  Figures  36,  38,  and  With  the  addition  of 
the  6.0  kg/mole  oligomer,  both  the  microwave  and  thermally  cur«l  networks  exhibited  only 
surface  roughness  as  shown  in  Figure  36.  However,  as  molecular  weight  was  increased  to  10.9 
or  16.2  kg/mole  (Figi^es  38  and  40,  respectively),  the  effect  of  molecular  weight  upon  the 
solubility  of  the  PSF  in  the  epoxy  resin  became  more  evident,  especially  for  die  thCTmally  cural 
networks.  The  SEM  micrographs  in  Figure  38,  for  instance,  displayed  two  phases,  the  lighter 
continuous  phase  was  i»lysulfone  and  the  large,  dark  irregular  spheres  (4-10  pm  in  diameter)  were 
composed  of  epoxy  resin.  The  development  of  this  phase- inverted  network  became  more  distinct 
with  the  incorporation  of  16.2  kg/molc  PSF  oligomer  as  shown  in  Figure  40.  The  "honeycomb" 
structure  shown  in  Figure  40,  for  the  thermally  processed  network,  was  composwl  of  spheres  of 
epoxy  resin  embedded  in  a  continuous  PSF  matrix. 


2.3.2.3.2.  Effect  of  Composition 

The  effect  of  composition  on  the  phase  separation  behavior  of  thermoplastic-modifiwi  epoxy 
resin  networks  can  best  be  explained  by  analy2ang  the  phase  diagram  shown  in  Figure  1 1.  A  phase 
diagram  is  created  by  plotting  a  series  of  AGm  versus  (fe  curves  as  a  function  of  temperature  for 
blends  or  conversion  for  networks.  The  generalized  phase  diagram  shown  in  Figure  11  exhibits 
upper  critical  solution  temperature  (UCST)  behavior.  Most  high  molecular  weight  polymers  and 
thermosets,however,  exhibit  lower  critical  solution  temperature  behavior  since  they  are  typically 
less  miscible  at  higher  temperatures  or  conversions. 

In  analyzing  a  phase  diagram  to  determine  the  effect  of  composition,  the  position  at  which  the 
critical  temperature,  Tc,  occurs  is  extremely  important  The  critic^  temperature  occurs  at  the 
intersection  of  the  binodal  and  spinodal  curves  and  may  be  determined  from  Equation  6.  At  Tc,  <l>2 
equals  the  critical  composition,  ifc.  The  physical  significance  of  Tc  is  that  at  compositions  below 
phase  separation  generally  occurs  via  a  nucleation  and  growth  mechanism  characteristic  of 
binodal  phase  separation.  When  (fe  equals  ({»c,  phase  separation  occurs  by  spinodal  decomposition. 
And,  finally,  when  ^  is  greater  than  (jJc,  a  phase  inversion  results  and  phase  separation,  once 
again,  generally  takes  place  by  binodal  phase  separation. 

In  the  polysulfone-raodified  epoxy  resin  networks  utilized  in  this  investigation  the  critical 
composition  has  been  reponed  to  occur  at  a  composition  of  approximately  25  to  27  weight  percent 
polysulfone  [78-81].  Thus,  in  the  thermally  cured  systems  in  Figures  37  through  40,  where  the 
molecular  weight  of  the  PSF  was  high  enough  to  induce  observable  degrees  of  phase  separation  by 
SEM,  drastically  different  morphologies  were  obtained  as  a  function  of  composition.  At  15  weight 
percent  incorporation,  phase  separation  appeared  to  occur  via  a  nucleation  and  growth  maihanism 
characteristic  of  binodal  phase  separation.  The  morphology  of  these  networks  exhibited  a  well- 
defined,  two-phase  morphology  consisting  of  PSF  spheres  in  an  epoxy  resin  matrix.  However,  at 
30  weight  percent  incorporation,  above  <|»c,  a  phase  inversion  resulted  and  the  morphology 
contained  a  polysulfone-rich  continuous  phase  surrounding  large  spheres  (3  to  4  pm  in  (fiameter) 
of  epoxy  resin. 


2.3.2.2.3.  Microwave  versus  Thermal  Processing 

The  thermally  and  electromagnetically  processed  polysuMbne-modified  epoxy  resin  networks 
demonstrated  significantly  different  morphologies.  This  was  most  evident  with  the  higher 
molecular  weight  oligomers  as  shown  in  Figures  37  through  40.  At  15  weight  percent  PSF 
incorporation  both  the  size  and  concentration  of  the  phase  separated  PSF  domains  were  found  to  be 
highly  dependent  on  processing  as  demonstrated  in  Figures  37  and  39.  Specifically,  the  thermally 
cured  materials  possessed  domains  measuring  approximately  0.5  to  0.7  pm  in  diameter.  The 
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moiphology  of  the  EMR  processed  networks  contained  a  greater  concentration  of  smaller  (0.1  to 
0.2  pm)  phase  separated  domains. 

The  dependency  of  the  phase  separation  behavior  on  processing  was  also  evident  at  30 
weight  percent  incorporation  as  shown  in  Figures  38  and  40.  The  phase  inversion,  that  typically 
occurs  in  this  system  at  PSF  compositions  in  excess  of  27%  incorporation,  was  clearly  evident  for 
the  thermally  cured  networks.  However,  the  morphology  of  the  EMR  processed  materials  was  not 
as  well-defined  The  EMR  cured  network  shown  in  Figure  38  demonstrated  only  surface 
roughness  (at  least  at  these  magnifications),  and  the  phase  inversion,  although  appearing  to 
commence  in  Figure  40,  was  not  developed  to  the  same  extent  as  in  the  theimally  cured  systems. 

In  toughened  networks  the  modifier  (i.e.,  polysulfone)  is  dissolved  into  the  epoxy  resin 
forming  a  homogeneous  mixture  before  undergoing  an  in  situ  phase  separation  process  during 
network  formation.  Demixing  of  the  homogeneous  binary  mixture  occurs  when  the  Gibbs  free 
energy  of  mixing  changes  sign,  from  negative  to  positive,  as  molecular  weight  increases  with 
conversion  of  the  network  structure.  Phase  separation  is  thermodynamically  favored;  however,  it 
is  controlled  by  the  competing  effects  of  the  kinetics  of  phase  separation  and  the  reaction  rate. 
Kinetics  control  the  rate  of  nucleation  and  growth,  and  are  highly  dependent  on  both  temperature 
and  viscosity.  Reaction  rate  dictates  the  extent  of  phase  separation,  since  phase  separation  is  halted 
at  gelation  as  the  viscosity  of  the  mixture  approaches  infinity,  ceasing  furtiier  diffusion  in  the 
binary  mixture. 

When  conventional  thermal  processing  was  employed  to  cure  the  modified  networks  a  cure 
cycle  consisting  of  2  hours  at  30°C  below  the  ultimate  glass  transition  temperature  (230°C),  '^oo, 
and  a  postcure  for  1  hour  at  10°C  above  Tgoo  was  employed.  This  cure  cycle  allowed  for  sufffcient 
time  and  diffusion  for  complete  phase  separation  to  occur,  as  revealed  in  the  SEM  micrographs 
shown  in  Figures  35  through  40.  Conversely,  the  EMR  processing  cycle  lasted  for  only  10 
minutes  because  of  the  accelerated  nature  of  microwave  curing.  During  this  cycle,  the  network 
was  only  above  Tooo  for  approximately  3  minutes.  The  morphology  of  these  networks  revealed  (as 
shown  in  Figures  35  through  40)  that  the  extent  of  phase  separation,  although  developed  to  some 
degree,  was  not  as  well-de^ed  as  in  the  thermally  process^  materials.  This  may  be  attributed  to 
an  accelerated  approach  to  the  gel  point  Microwave  processing,  as  previously  discussed  (Section 
2.3. 1.2),  results  in  a  three-to  sixfold  enhancement  in  the  reaction  rate  of  epoxies;  thus  gelation  is 
achieved  prior  to  complete  phase  separation.  Since  the  phase  separation  process  stops  at  gelation, 
the  network  becomes  "locked"  into  a  phase-mixed  morphology  indicative  of  incomplete  phase 
separation. 

To  determine  if  the  morphology  of  the  EMR  processed  networks  was,  in  fact,  "locked"  into 
the  phase-mixed  microstructure,  the  microwave  cured  specimen  shown  in  Figure  39  was  postcured 
at  240°C  for  1.5  hours  in  a  forced-air  convection  oven.  The  morphology  was  then  evaluated  using 
a  high-resolution  Phillips  STEM  (in  the  SEM  mode)  at  a  magnification  of  50,000x.  Direct 
comparison  of  the  microwave  processed  networks,  with  and  without  the  postcure,  to  a  thermally 
cured  network  revealed  (as  shown  in  Figure  41)  that  the  extent  of  phase  separation  in  the 
microwave  cured  material  did  not  change  significantly.  Indeed,  the  size  of  the  phase-  separated 
PSF  domains  in  the  microwave  cured  networks  was  not  affected  by  the  thermal  postcure. 


2.3.2.3.4.  Generation  of  Controlled  Morphology  with  Variable-Power  Processing 

In  general,  the  phase  separation  behavior  in  modified  epoxy  resin  networks  is  controlled  by 
the  competing  effects  of  thermodynamics,  kinetics  and  polymerization  rate  [94,95].  In  a  typical 
polymer  blend,  thermodynamics  can  be  u^ized  to  make  predictions  about  the  equilibrium  state  of  a 
binary  mixture;  however,  kinetic  factors  must  also  be  considered  since  equilibrium  can  only  be 
reached  if  sufficient  time  for  diffusion  is  allowed.  For  thermosetting  systems,  further 
complications  exist  because  both  molecular  weight  and  viscosity  increase  with  increasing 
conversion  of  the  epoxy  resin  network.  Once  the  development  of  the  network  reaches  the  stage  of 
gelation,  phase  separation  is  halted  and  the  morphology  is  fixed.  Thus,  from  a  single 
thermoplastic-mo^ed  epoxy  resin  formulation  a  variety  of  different  phase-separated 
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THERMOPLASTIC  MODIFIED  EPOXY  RESIN  NETWORKS 
(15%  w/w  NH2-PSF  Into  DGEBA/4,4’-DDS) 
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gucs  41*  Fracture  aurCaces  of  a  thermoplastic-modified  epoxy  resin  network  {15%  w/w  of  a 

16.2  kg/mole  PSF  oligomer)  comparing  a  conventional  thermal  cure  to  microwave  processing 
with  and  without  a  oostcure. 


morphologies  can  be  generated  by  accelerating  the  approach  to  the  gel  point  and  terminating 
morphological  development  before  complete  phase  separation  [94,95].  This  has  been 
demonstrated  with  rubber-modified  thermosets  by  Gillham  et  al.  [94]  by  varying  the  initial  cure 
temperature  and  by  Inoue  et  al.  [126,127]  through  the  utilization  of  highly  reactive  curing  agents. 

In  the  current  investigation,  variable-power  microwave  processing  was  employed  to 
accelerate  the  curing  rate  of  the  thermoplastic-modified  epoxy  resin  networks  to  control  the  phase 
separation  behavior.  SEM  micrograph  results  for  a  sample  with  a  composition  of  30  weight 
percent  poly sulf one  (16.2  kg/mole)  clearly  demonstrated  that  morphological  control  with  variable- 
power  processing  is  feasible  in  Figure  42.  Indeed,  in  comparing  low-power  (7.5  watts)  EMR 
processing  to  a  conventional  therrnally  cured  network  the  phase-inverted  morphology, 
characteristic  of  30  weight  percent  incorporation  of  PSF,  was  observed  in  both  networks.  This 
suggested  that  an  equiv^ent  degree  of  phase  separation  was  achieved  with  the  two  processing 
techniques.  However,  as  power  was  increased,  for  example  to  15, 25  or  35  watts,  the  degree  of 
phase  separation  became  less  defined.  The  networks  cured  at  35  watts  for  2  minutes  showed  little 
to  no  phase  separation,  while  the  networks  cured  at  powers  of  15  and  25  watts  demonstrated 
intermediate  degrees  of  phase  separation  by  SEM. 

Very  similar  results  were  obtained  at  15  weight  percent  incorporation  of  polysulfone  as 
shown  in  Figure  43.  Low-power  (7.5  watts)  EMR  processing  yielded  networks  exhibiting 
morphologies  that  were  andgous  to  the  thermally  cured  systems  with  approximately  0.6  pm 
spheres  of  PSF  evenly  dispersed  in  the  epoxy  resin  matrix.  And,  as  power  was  increased,  an 
entire  range  of  phase-separated  morphologies  was  observed.  In  one  particular  instance,  at  a 
processing  power  of  32  watts  a  co-continuous  morphology,  characteristic  of  spinodal 
decomposition,  was  obtained  as  shown  by  high-resolution  SEM  in  Figure  44  (at  two  different 
magnifications).  This  co-continuous  microstructure  consisted  of  two  interconnecting  phases  as 
shown  schematically  in  Figure  45.  The  development  of  the  phase  separation  depicted  in  Figures 
43  and  44  for  15  weight  percent  incorporation  of  PSF  is  consistent  with  the  model  (Figure  17) 
proposed  by  Inoue  et  al.  [126,127].  This  model  suggests  that  morphological  development 
proceeds  from  a  homogeneous  mixture  to  spinodal  decomposition  and  eventually  to  a  nucleation 
and  growth  mechanism  (e.g.,  binodal  phase  separation)  depending  upon  the  rate  of  cure. 

Spinodal  decomposition  can  best  be  explained  by  andyzing  the  phase  diagram  in  Figure  1 1. 
Generally  with  UCST  behavior,  as  temperature  is  lowered,  ^ere  are  only  two  pathways  to  achieve 
spinodal  decomposition.  The  first  is  to  transverse  the  phase  diagram  (Figure  1 1)  at  the  critical 
point;  and,  the  second  is  to  rapidly  cross  the  nucleation  and  growth  region  (binodal  curve)  to  reach 
the  spinodal  region  [100].  An  example  of  this  is  a  thermoplastic  blend  at  temperature  T3  (Figure 
1 1)  which  is  rapidly  quenched  into  the  spinodal  region.  In  an  analgous  manner,  if  the  temperature 
axis  of  Figure  1 1  is  replaced  with  conversion  and  LCST  behavior  is  assumed,  a  thermoset  system 
can  be  quenched  by  accelerating  the  approach  to  the  gel  point 

In  summary,  toughness  enhancement  is  strongly  related  to  the  morphological  structure  of  the 
modified  network.  The  co-continuous  morphology  has  been  reported  [87]  to  yield  superior 
mechanical  properties,  especially  fracture  toughness.  Furthermore,  the  co-continuous 
microstmcture  has  been  reported  [87]  to  translate  the  enhanced  fracture  toughness  into  composite 
structures  better  than  other  types  of  phase  separation.  Thus,  morphological  control  via  variable- 
power  microwave  processing  may  be  very  important  to  the  optimization  of  mechanical  property 
performance  in  toughened  epoxy  resin  networks. 


2.3.2.4.  Thermal  Analysis 

Thermal  analysis  techniques,  specifically  differential  scanning  calorimetry  (DSC)  and 
dynamic  mechanical  thermal  analysis  (DMTA),  were  utilized  to  investigate  the  degree  of  phase 
separation  in  the  thermoplastic-modified  epoxy  resin  networks.  The  DSC  results  for  the  thermally 

cured  networks  displayed,  for  both  15%  and  30%  incorporation  of  polysulfone  (M  n  =  16.2 
kg/mole),  two  Tg's  at  180°C  and  230°C  for  the  PSF  and  epoxy  resin  phases,  respectively,  as 
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CONTROL  OF  PHASE  SEPARATION  USING  MICROWAVE  PROCESSING 

(30%  w/w  Polysulfone  into  DGEBA  /  4.4*-DDS) 

Scanning  Electron  Microscopy  Micrographs  (12,500x,  nar=0.5|im) 
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Figure  42.  Ftaotuc#  eurfeoee  demonat rating  control  of  phaae  separation  ueing  variable  power  microwave 
prooeaaing  with  thermoplaatlo-modlfted  epoxy  resin  networks  (30%  w/w  of  a  16.2  kg/mole 
FSF  oligomer). 
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shown  in  Table  6.  Tliese  glass  transition  temperatures  are  tlie  same  as  the  pure  homopolymers; 
thus,  suggesting  the  development  of  two  essentially  pure  phases  following  thermal  processing. 

The  electromagnetic  radiation  (EMR)  processed  networks,  however,  exhibited  (Table  6)  T^'s  at 
179°C  and  200®C  for  the  PSF  and  epoxy  resin  phases,  respectively.  Tire  lower  glass  transition 
temperature  at  179®C  was  approximately  the  same  as  ^at  for  the  polysulfone  oligomer,  indicating 
the  existence  of  an  essentially  pure  PSF  phase.  The  upper  Tg  at  200°C,  however,  was  significantly 
depressed  from  the  Tg  of  tlie  pure  epoxy  resin  phase  (230°C),  indicating  plasticization  of  tlie  epoxy 
resin  Tg.  Plasticization  of  this  type  is  indicative  of  phase-mixing  in  mwlified  epoxy  resin  networks 
[94]. 

To  determine  if  the  morphology  of  the  EMR  processed  networks  was,  in  fact,  "locked"  into 
the  phase-mixed  microstructure,  tlie  microwave  cured  specimen  (containing  30%  of  the  16.2 
kg/mole  PSF  oligomer)  was  pos toured  at  240°C  for  1.5  hours  in  a  forced-air  convection  oven. 
Direct  comparison  of  tlie  EMR  processed  networks,  with  and  witliout  the  postoure,  to  a  thermally 
cured  network  revealed  (as  shown  in  Figure  46)  that  tlie  extent  of  phase  separation  in  tlie 
microwave  cured  material  never  achieved  the  same  degree  of  phase  separation  as  the  conventional 
tliennally  cured  networks.  The  upper  Tg  of  the  EMR  cured  network  increased  from  200°C  to 
213°C  (probably  because  of  further  reaction);  however,  the  Tg  was  still  17°C  lower  tlian  the 
tliennally  cured  network  indicating  plasticization  and  phase-mixing  of  die  epoxy  resin  phase. 

These  results  correlated  well  with  the  SEM  analysis  shown  in  Figure  41,  where  the  size  of  die 
phase-separated  polysulfone  discrete  phase  remained  unchanged  after  a  tliennal  postoure.  The 
dynamic  mechanical  tliennal  analysis  (DMTA)  results  for  the  thermally  and  microwave  cured 
epoxy  resin  networks  containing  30%  polysulfone  (Mn  =  16.2  k)  are  shown  in  Figures  47  and  48, 
respectively. 

The  DMTA  for  the  diennally  processed  network  demonstrated  a  two-step  decrease  in  modulus  and 
two  clearly  defined  damping  peaks  (from  the  log  tan  6  trace)  corresponding  to  Tg's  at  190°C  and 
230°C  for  the  pure  PSF  and  epoxy  resin  phases,  respectively.  Tliis  indicated  that  the  phase 
separadon  in  the  diennally  cured  network  was  essentially  complete  prior  to  gelation.  Tlie  EMR 
processed  material  (Figure  48),  conversely,  displayed  a  single  sharp  decrease  in  the  modulus  and  a 
single,  broad  damping  transition  with  a  shoulder,  this  was  indicative  of  phase-mixing. 

Furthermore,  the  upper  Tg  was  at  201°C  as  opposed  to  230®C  for  the  diermally  cured  network, 
again  indicating  that  die  epoxy  resin  phase  was  plasticized  by  the  presence  of  polysulfone.  These 
findings  correlated  well  with  the  SEM  analysis  shown  in  Figures  37  and  39,  where  die  volume 
fraction  of  die  phase-separated  polysulfone  phase  appeared  to  decrease  with  EMR  processuig. 

In  order  to  determine  the  extent  of  phase-mixing  in  the  microwave  processed  networks,  the 
dieoretical  glass  transition  temperature  for  a  miscible  polysulfone/epoxy  resin  phase  was  calculated 
by  die  well-known  Fox  equation: 


(18) 


where  wi  and  W2  are  the  weight  fractions,  and  Tgi  and  Tg2  are  the  glass  transition  temperatures  of 
the  component  polymers,  respectively.  At  30%  incorporation  of  polysulfone  where  Tgi  and  Tg2 
were  180°C  and  230°C  for  die  PSF  and  epoxy  resin  phases,  respectively,  the  theoretical  glass 
transition  temperature  for  a  miscible  binary  mixture  was  calculated  to  be  214®C.  This  value  was  in 
agreement  with  die  glass  transition  temperature  obtained  for  the  postcured  microwave  sample  at 
213°C  from  Figure  46.  The  excellent  correlation  between  die  experimental  and  theoretical  glass 
transitions  suggested  die  existence  of  a  miscible  PSF/epoxy  resin  phase  in  the  microwave 
networks. 
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Table  6.  Glaaa  tranairion  Samparatures  of  the  dJaraoplastic-modified 
apoxy  rasia  aacworka- 


Network  System 

tji'(’C) 

Tg2*(»C) 

Control  (DGS3A/4,4'-0DS) 

Theraal 

— 

230 

Microwave 

— 

212 

15%  w/w  PSF-NH,  =  16.2  k) 

Thermal 

180 

230 

Microwave 

179 

200 

30%  w/w  PSF-NH,  ^  =  16.2  k) 

Thermal 

ISO 

230 

Microwave 

179 

203 

‘oeteralned  from  OSC-firsd  scan  at:  10*C/minuta. 


79 


2.3.2.5.  Fracture  Toughness 


Typically,  brittle  epoxy  resin  networks  are  toughened  by  the  incorporation  of  a  second 
component  which  phase  separates  during  network  formation.  Toughness  enhancement  is 
dependent  on  the  properties  of  the  original  epoxy,  the  particle  size,  particle  volume  fraction, 
interfacial  bonding,  and  the  properties  of  the  modifier  [106].  Thus,  the  resulting  morphology  of 
the  phase  separated  networks  is  strongly  related  to  the  fracture  toughness  behavior.  In  the  current 
investigation,  thermoplastic- toughened  epoxy  resin  networks  were  examined  as  a  function  of  the 
molecular  weight  and  percent  incorporation  of  the  modifier.  Furthermore,  comparisons  were  made 
between  the  EMR  and  thermal  processing  techniques  to  evaluate  the  effect  of  an  accelerated 
microwave  cure  on  the  fracture  toughness  behavior  of  the  networks. 

Fracture  toughness,  as  measured  by  Kic,  was  found  to  increase  as  a  function  of  both 
molecular  weight  and  percent  incorporation  of  the  modifier  with  both  processing  techniques  as 
shown  in  Table  7.  For  instance,  at  30  weight  percent  incorporation  of  the  16.2  kg/mole  modifier 
in  the  thermally  cured  networks,  the  fracture  toughness  increased  from  0.98  to  1.43  to  1.76  Nm- 
3/2  as  molecular  weight  increased  from  6.0  to  10.9  to  16.2  kg/mole,  respectively.  In  the  thermally 
cured  networks  modified  with  the  10,900  g/mole  PSF  oligomer,  fracture  toughness  increased  from 
1.02  to  1.43  Nm‘3/2  the  incorporation  of  the  modifier  was  increased  from  15  to  30  percent, 
respectively.  These  fracture  toughness  values  are  substantially  higher  than  the  control  resin  (neat 
DGEBA/4,4'-DDS),  which  possessed  a  KIc  value  of  0.88  Nm'^/^.  Similar  results  were  obtained 
for  the  microwave  processed  systems  as  shown  in  Table  7. 

The  actual  toughening  mechanism  involved  with  thermoplastic  modification  is  greatly 
debated.  The  proposals  wWch  have  been  put  forward  are  often  conflicting.  Some  investigators 
have  proposed  a  linear  increase  in  fracture  toughness  with  increasing  thermoplastic  content, 
independent  of  morpholo^  [86,90],  and  others  such  as  McGrail,  et  al.  [87]  have  suggested  a 
maximum  in  toughness  at  intermediate  compositions  resulting  from  a  co-continuous  morphology. 
The  results  in  the  current  investigation  correlated  well  with  the  findings  of  Brown  and  Kim  [93]. 
Brown  et  al.  found  that  fracture  toughness  in  thermoplastic-modified  epoxy  resin  networks 
demonstrated  a  continuous  change  as  a  function  of  oligomer  content  despite  morphological 
changes.  They  attributed  this  to  different  toughening  mechanisms  which  operate  at  different 
compositions.  Brovm  et  al.  proposed  that  at  low  weight  percent  incorporations  (10%)  of  the 
rnodifier  where  the  morphology  consists  of  a  continuous  epoxy  matrix  with  discrete  PSF  spheres 
^spersed  within,  the  toughening  mechanism  involved  localized  yielding  in  the  epoxy  matrix 
initiated  upon  the  deformation  of  the  discrete  modifier  particles.  Indeed,  examination  of  the 
fracture  surfaces  for  15  weight  percent  incorporation  of  the  16.2  kg/mole  PSF  oligomer  (shown  in 
Figure  39)  revealed  that  the  phase-separated  PSF  particles  were  plastically  deformed.  The 
polysulfone  composite  particles  in  the  thermally  cured  networks  appear  to  be  pulled  away  from  the 
surface.  The  dark  rings  around  these  particles  are  indicative  of  excellent  interfacial  adhesion 
between  the  phases  and  are  characteristic  of  localized  yielding  in  the  epoxy  resin  matrix  [93]. 

At  high  weight  percent  incorporations  (30%),  above  the  phase  inversion  composition.  Brown 
and  Kim  attributed  toughening  to  tiie  ductile  yielding  of  the  oligomeric  modifier  phase  (i.e.,  the 
continuous  phase).  This  observation  appears  to  be  analgous  with  the  findings  in  the  current 
investigation.  Examination  of  the  fracture  surfaces  for  the  thermally  processed  networks  with  30% 
incoiporation  of  the  16.2  kg/mole  polysulfone  modifier  (shown  in  Figure  40)  revealed  extensive 
plastic  yielding  (or  tearing)  of  the  continuous  polysulfone  oligomeric  phase.  This  was  most 
evident  in  the  16.2  kg/mole  oligomer  because  the  polysulfone  was  above  the  critical  molecular 
weight  needed  to  develop  entanglements  (i.e,,  ductile  behavior). 

Surprisingly,  the  fracture  toughness  values  (based  on  an  average  of  15  to  20  samples  and 
reported  with  an  error  of  two  standard  deviations)  were  essentially  identical  for  the  two  processing 
techniques  with  the  high  molecular  weight  modifiers  (10.9  and  16.2  kg/mole)  as  shown  in  Table  7. 
Indeed,  this  was  not  anticipated  since  the  morphologies  of  the  networks  were  significantly 
different.  The  thermally  cured  systems  possessed  a  well-defined  two-phase  morphology  with 
essentially  two  pure  phases.  The  EMR  cured  networks,  alternatively,  demonstrated  a  substantial 
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Table  7.  Wsictnsm  so«glm«a«  taaulta  obtainad  witb  tba  polyaulfoa®- 
aodlflad  mpQXY  rasia  nabworka. 


Has^^rk  Syscaa 

Kt,/1Q« 

Tiiaraal 

Microwa'^a 

Cantrol  CDG23A/4,4 

•-DDS) 

o.aa  ±  0.10 

0.84  ±  0.15 

Mq  >•  S.O  Jcg/mola 

15% 

0.91  ±  0.12 

0.72  i  0.09 

30% 

0.98  ±  0.16 

0.75  i  Q.OS 

Mg  «  10.9  Jcg/mole 

15% 

1.02  ±  0.18 

1.02  ±  0.23 

30% 

1.43  ±  0.20 

1.25  ±  0.32 

»  16.2  kg/fflola 

15% 

1.06  i  0.12 

1.15  ±  0.19 

degree  of  phase-mixing  and  were  shown  (by  both  SEM  and  thermal  analysis  results)  to  possess  an 
essentially  pure  polysulfone  phase  and  a  phase-  mixed  PSF/epoxy  resin  phase. 

The  analogous  fracture  toughness  results  may  be  attributed  to  similar  but  slightly  different 
toughening  mechanisms  operating  in  each  system.  At  15%  incorporation  of  the  16.2  kg/mole  PSF 
modifier,  where  the  morphology  consists  of  discrete  spheres  of  PSF  evenly  distributed  in  the 
epoxy  resin  matrix,  the  ductile  tearing  of  the  polysulfone  spheres  in  the  EMR  cured  networks  may 
not  contribute  to  the  toughening  effect  as  significantly  as  in  the  thermally  cured  systems  because  of 
their  decreased  size.  However,  the  localized  plastic  yielding  of  the  matrix  phase  will  be  enhanced 
because  of  the  increased  ductility  ascertained  in  the  phase-mixed  PSF/epoxy  resin  phase.  As 
previously  discussed  (Section  2.I.2.I.5.),  the  ability  of  the  matrix  to  undergo  plastic  deformation 
in  highly  crosslinked  networks  has  a  tremendous  effect  on  the  resulting  toughness  of  the  network 
[123-125].  At  30%  incorporation  of  the  modifier,  the  morphology  of  tiie  EMR  cured  networks 
resembled  the  phase-inverted  morphology  of  the  thermally  processed  system;  however,  it  was 
clearly  not  as  well-developed.  The  enhanced  toughness  in  these  networks  can  be  attributed  to  the 
ductile  tearing  of  both  the  continuous  PSF  phase  and  the  PSF/epoxy  resin  discrete  phase.  This  is 
slightly  different  than  in  the  conventionally  cured  networks,  where  the  discrete  phase  is 
substantially  pure  epoxy  resin,  thus  contributing  very  little  to  the  enhanced  toughness.  For  the  low 
molecular  weight  modifier  (6.0  kg/mole)  the  fracture  toughness  values  for  the  thermally  processed 
networks  at  both  15%  and  30%  incorporation  were  slightly  higher  than  those  obtained  for  the 
microwave  cured  systems.  In  comparing  the  SEM  results  in  Figures  35  and  36,  the  morphology 
of  the  networks  was  similar  in  that  neither  the  microwave  nor  the  thermally  cured  networks 
exhibited  a  detectable  degree  of  phase  separation  (at  least  at  these  magnifications).  However,  the 
general  appearence  of  the  surface  topography  of  the  EMR  processed  material  was  "smooth"  in 
comparison  to  the  thermally  cured  system,  which  exhibited  a  "rougher"  texture.  This  suggested 
that  additional  energy  absorbing  mechanisms  took  place  during  the  fracture  of  the  conventionally 
processed  network.  In  either  case,  the  absence  of  noticable  degrees  of  phase  separation  by  SEM 
explains  the  lack  of  a  substantial  increase  in  fracture  toughness.  Indeed,  it  has  ^n  reported  that 
single-phase  binary  networks  generally  do  not  possess  enhanced  toughness  [75,94]. 

2.3.3.  Functionalized  Poly(arylene  ether  ketone)s 
2.3.3. 1.  Introduction 

The  demand  for  high  performance  polymeric  materials  that  can  withstand  prolonged 
exposures  to  high  temperatures  is  continually  growing,  because  of  the  needs  of  the  aerospace  and 
electronic  industries.  These  materials  must  possess  excellent  mechanical  properties,  solvent 
resistance  and  dimensional  stability  over  a  wide  temperature  range.  These  requirements  have  led  to 
the  development  of  several  heat-resistant  thermosetting  resins.  The  most  common  of  these  resins, 
excluding  the  epoxy  resin  systems  previously  discussed,  include  bismaleimides,  acetylene- 
terminat^  resins  and  bisnadimides  [128].  A  reoccurring  theme  in  all  of  these  resin  systems  is  the 
ability  to  undergo  homopolymerization;  polymerization  usually  proceeds  via  a  free  raical 
mechanism  from  terminal  unsaturation.  The  physical  properties  of  the  resulting  networks  are 
controlled  by  the  chemical  structure  of  the  backbone  between  the  reactive  endgroups.  The  curing 
rate  or  reactivity  of  the  oligomers  is  a  function  of  the  endgroup  chemistry,  the  chemical  stmcture 
and  molecular  weight  of  the  repeat  unit,  and  the  cure  temperature. 

Lyle  et  al.  [146,147]  has  demonstrated  that  tough,  ductile  engineering  thermoplastics 
functionalized  with  reactive  endgroups,  specifically  maleimide-terminated  poly(arylene  ether 
ketone)  (PEK)  oligomers,  can  be  transformed  into  solvent-resistant  networks.  The  rationale  was 
to  combine  the  outstanding  mechanical  properties  of  a  PEK  thermoplastic  with  the  solvent  and 
creep  resistance  of  a  thermoset.  The  molecular  weight  of  the  maleimide  functionalized  PEK 
oligomer  was  varied  to  control  the  fracture  toughness  behavior,  thermal  stability,  solvent  resistance 
and  high  temperature  modulus  of  the  resulting  networks.  The  tiiermal  and  mechanical  properties  of 
the  PEK  based  bismaleimide  thermosets  as  a  function  of  molecular  weight  are  shown  in  Table  8. 
Lyle  et  al.  [146,147]  reported  that  as  the  molecular  weight  of  the  starting  reactant  (i.e.,  maleimide- 
terminated  PEK  oligomer)  increased,  fracture  toughness  was  substantially  enhanced  while  the  Tg 
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Table  8.  QXmmm  traaaitioa  l:aap«tatur«s  and  fractura  ftoafhnaaa  rasulba 
for  a  Mrisa  of  ?E2C  natworJcs  as  a  function  of  ollgoaar 


aolecular  Might 

(from  Lyle  at  al. 

(146,1471). 

K 

Tg(»C)’ 

Kfc/10* 

C^/afflla) 

■ 

2.5 

179 

1.8  ±  0.2 

5.0 

175 

2.0  ±  0.2 

10.0 

169 

3.3  i  0.2 

Determined  from  differential  scanning  calorimetry. 


of  the  cured  network  decreased  slightly  (because  of  the  increased  molecular  weight  between 
crosslinks).  Similar  findings  have  been  reported  by  Mohanty  et  al.  [168]  and  Wu  et  al.  [163]  with 
amine-terminated  and  nadimide-terminated  PEK's,  respectively. 

The  most  widely  utilized  bismaleimide  is  based  on  bismaleimidodiphenylmethane  (BMI). 
BMI  networks  possess  excellent  thermal  stability  and  strength;  however,  they  are  susceptible  to 
failure  in  impact  situations  because  of  their  brittle  character.  BMI  resins  are  normally  toughened  by 
chain  extension  via  a  Michael  addition  with  an  aromatic  diamine;  but,  toughness  enhancement  is 
small,  with  KIc  values  only  increasing  from  ~0.2  to  ~0.6  N/m3/2  [130].  Recently,  Senger  et  al. 
[151,152]  demonstrated  that  BMI's  may  be  toughened  by  the  chemical  incorporation  of  a  reactive 
thermoplastic  which  phase-separates  during  polymerization.  The  rationale,  to  introduce  a  second 
thermoplastic  phase  which  acts  as  a  stress  concentrator  for  propagating  cracks,  was  analgous  to 
that  employed  in  toughened  epoxy  resin  systems.  Maleimide-terminated  poly(arylene  ether  ketone) 
(MI-PEK)  oligomers  were  utilized  as  toughening  agents.  Fracture  toughness  (Table  9),  as 
evaluated  by  both  Kjc  and  Gic  measurements  in  die  co-cured  networks  increased  with  increasing 
MI-PEK  content;  however,  swelling  in  chlorinated  solvents  also  increased  along  with  a  reduction 
in  high  temperature  modulus  (Figure  49)  (because  of  the  increased  molecular  weight  between 
crosslinks).  Intermediate  blend  compositions,  however,  demonstrated  a  synergistic  effect  since 
enhanced  toughness  was  achieved  while  retaining  adequate  high  temperature  stiffness. 

In  the  current  investigation  microwave  radiation  was  employed  to  cure  maleimide,  nadimide 
and  amino  functionalized  poly(arylene  ether  ketone)  oligomers  of  controlled  molecular  weight. 
Typically,  high  performance  thermoset  resins  require  extensive  and  complex  processing  cycles  to 
develop  the  optimum  mechanical  properties.  The  objective  was  to  evaluate  the  feasibility  of  using 
electromagnetic  radiation  to  reduce  the  time  needed  to  achieve  fully  cured  networks.  The 
crosslinking  reaction  kinetics  of  the  microwave  and  thermally  cured  PEK  based  thermosetting 
resins  were  investigated  to  determine  the  influence  of  endgroup  functionality,  molecular  weight, 
and  cure  temperature.  Lastly,  blends  of  maleimide-terminated  PEK  with  BMI  were  examined  with 
both  processing  techniques. 


2.3. 3. 2.  Synthesis  of  Functionalized  Poly(arylene  ether  ketone)  oligomers 

The  two-step  procedure  utilized  in  the  synthesis  of  the  functionalized  poly(arylene  ether 
ketone)  oligomers  was  well-established  by  Mohanty  et  al.  [168]  and  Lyle  et  al.  [146,147];  for 
specific  information  regarding  synthetic  issues,  the  reader  is  referred  to  their  work.  The  properties 
of  the  amine-terminated  PEK  oligomers  are  given  in  Table  10.  As  molecular  weight  increased, 
corresponding  increases  in  the  viscosity  and  Tg  of  the  oligomers  were  observed  as  shown  in  Table 
10.  The  intrinsic  viscosities  of  the  PEK  oligomers  were  determined  before  and  after  imidization  to 
assure  that  no  premature  crosslinking  had  occurred  during  the  endcapping  reaction  to  form  the 
maleimide-terminated  and  nadimide-terminated  PEK  oligomers.  The  results  shown  in  Table  1 1 
confirmed  that  the  oligomers  did  not  increase  in  molecular  weight  following  reaction,  thus 
suggesting  that  chain  extension  during  the  two-step  synthetic  procedure  was  not  prevalent.  The 
maleimide  and  nadimide  functionalized  oligomers  were  analyzed  by  FTIR  and  potentiometric 
titrations  for  residual  amic  acids.  Both  infrared  measurements  and  titration  of  potentially 
uncyclized  amic  acid  groups  suggested  that  the  derivatization  of  the  amic  acid  to  the  imide  was 
quantitative  [146,147]. 


2.3. 3. 3.  Microwave  versus  Thermal  Processing- 

A  typical  temperature-time  profile  demonstrating  isothermal  microwave  curing  at  260°C  for  a 
maleimide-terminated  poly(arylene  ether  ketone)  (MI-PEK)  oligomer,  possessing  a  number 
average  molecular  weight  of  2.5  kg/mole,  is  shown  in  Figure  50.  The  temperature  of  the  EMR 
processed  MI-PEK  oligomer,  as  demonstrated  by  Figure  50,  increased  at  a  heating  rate  of 
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Table  9.  f^scsara  touglm«sa  sad  swslliag  casulss  for  biaaialaiaido- 
dighaayIj»thsoa/Balaiiaida-ttaraiaarad  ?S3C  blaada  ss  s 
faacrioa  of  eostposlrion  {from  Sangar  as  si.  CiSl,lS2I). 


Weighs  Fascaas 
SMl/MX-FSS  CS.41C) 

«Ic  , 
(3cr/m') 

Percans 

Swellisg 

Q/IOQ 

3.9 

3.9 

3S0 

5/9S 

3.0 

7.3 

200 

2S/7S 

2.1 

3.7 

50 

SO/SO 

0.9 

0.1 

2 

75/25 

0.4 

0.4 

1 

100/0 

<0.2 

<0.1 

~ 
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Table  10.  Characterization  of  the  affline-tannlnated  paly{ar7lena  ether 
ketone )  oligomers . 


Theoretical 

<M^> 

(kg/mole) 

Titrated 

<«n> 

(kg/mole) 

• 

u 

e 

25*0 

In] 

CHCI3 

2.5 

3.4 

126 

0.10 

in 

• 

o 

6.3 

140 

0.25 

7.5 

8.3 

156 

0.32 

'Determined  by  differential 


scanning  calorimetry. 
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Table  11  intrinsic  riscositias  a£  the  functioaalited  poly  (ary  lane 
athar  katana)  oligoisera. 


25 ‘C 

Theoretical 

(kg/mole)  CHCI3 

Asiine-tecainated  ?SK 

2.5  0.10 

S.O  0.25 

7.5  0.32 

Malaimide-terminated  PEK 

2.5  0.09 

S.O  0.26 

7.5  0.31 

Hadimide-terniinated  PEK 

2.5  0.12 

5.0  0.25 

7.5  0i33 
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TEMPERATURE  ("C) 


TIME  (min.) 


Figure  SO.  Sesperature-tiae  profile  demonstrating  the  isothermal 
(260*0}  microwave  curing  of  a  malelaide-tarminated  PSK 
(<i^>  -  2.5  k}. 
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approximately  1°C  to  2°C  per  second  until  the  Tg  of  the  oligomer  was  reached.  At  this  temperature 
a  fivefold  increase  in  the  heating  rate  was  observed  to  approximately  5°C  to  10°C  per  second.  This 
transition  was  evident  from  the  changing  slope  of  the  initial  temperature-time  curve. 

It  may  be  attributed  to  the  enhanced  ability  of  the  polar  ketone  groups  in  the  PEK  backbone  and  the 
reactive  endgroups  to  couple  with  the  electromagnetic  field.  Once  the  sample  achieved  the  desired 
isothermal  cure  temperature  the  electric  field  strength  was  reduced  by  either  detuning  the  cavity  or 
decreasing  the  input  power  to  maintain  constant  temperature.  The  microwave  input  power  needed 
to  heat  the  functionalized  PEK's  was  considerably  higher  (60  watts)  in  comparison  to  the  epoxy 
resin  precursors  (21-28  watts)  previously  discussed.  The  increased  power  was  required  to 
compensate  for  the  lower  dielectric  loss  of  the  PEK  materials.  The  general  shape  of  the 
temperature-time  curve  in  Figure  50  was  representative  of  all  the  functionalized  PEK's  processed. 
However,  the  initial  time  period  to  reach  the  260°C  isothermal  cure  temperature  varied  with  both 
molecular  weight  and  endgroup  functionality.  As  molecular  weight  increased  the  initial  time  to 
reach  260°C  increased;  for  instance,  with  the  MI-PEK  oligomer  the  time  increased  from  2.5  to  4.5 
to  6.5  minutes  as  molecular  weight  increased  from  2.5  to  5.0  to  7.5  kg/mole,  respectively,  holding 
all  other  variables  such  as  input  power,  sample  size,  etc.  constant.  And,  at  a  constant  molecular 
weight,  the  initial  time  to  reach  260°C  was  most  rapid  for  the  MI-PEK's  followed  by  the  ND- 
PEK's  and  lastly  the  NH2-PEK's.  However,  the  influence  of  endgroup  functionality  on  the  initial 
heating  time  was  not  as  dramatic  as  molecular  weight.  These  observations  suggested  that  the  initial 
time  to  reach  the  desired  isothermal  cure  temperature  was  a  function  of  the  variables  which 
influenced  the  ability  of  the  oligomer  to  couple  with  the  electromagnetic  radiation,  such  as  the 
chemical  structure  and  the  type  and  concentration  of  the  endgroup.  This  initial  heating  time  was 
neglected  in  the  curing  plots,  since  there  was  relatively  low  conversion  at  this  point,  as  indicated  by 
the  polymer  being  completely  soluble. 


2.3.3.3.I.  Effect  of  Endgroup  Functionality 

The  influence  of  endgroup  functionality  on  the  isothermal  (260°Q  microwave  curing 
behavior  of  a  series  of  functionalized  PEK's,  possessing  a  number  average  molecular  weight  of 
2.5  kg/mole,  is  shown  in  Figiue  51  for  the  tluee  different  functionalities  (maleimide,  nadimide, 
and  amine).  The  maleimide-terminated  PEK  cured  most  rapidly,  reaching  essentially  100%  gelation 
in  only  35  minutes.  The  nadimide-terminated  and  amine-terminated  poly(arylene  etiier  ketone) 
(ND-PEK  and  NH2-PEK,  respectively)  oligomers,  alternatively,  contained  only  92%  and  70%  gel 
formation,  respectively,  after  60  minutes.  TTie  differences  in  the  reaction  rates  may  be  attributed  to 
the  dissimilar  crosslinking  reactions  that  occur  during  network  formation. 

As  previously  discussed  (Section  2.2.2.2.),  the  NH2rPEK  oligomers  react  via  a  Schiff  base 
reaction  as  the  amine  endgoups  attack  ketone  groups  along  the  polymer  backbone  to  form  an  imine 
linkage  as  shown  in  Figure  22.  Since  water  is  released  during  the  polymerization,  network 
formation  is  considered  to  occur  via  a  condensation  polymerization  [168].  In  contrast,  the  MI-PEK 
and  ND-PEK  oligomers  undergo  a  thermally  induced  free  radical  crosslinking  reaction  as  shown  in 
Figures  18  and  20,  respectively.  Thus,  it  was  expected  that  the  MI-PEK  and  ND-PEK  oligomers 
would  cure  considerably  faster,  since  free  radical  reactions  are  typically  more  rapid  than 
condensation  polymerizations  [170]. 

The  high  reactivity  of  the  maleimide  moiety  is  a  consequence  of  the  electron-withdrawing 
nature  of  the  two  adjacent  imide  carbonyl  groups.  The  MI-PEK  oligomers  undergo  an  addition 
polymerization  with  no  volatile  formation  at  relatively  low  temperatures.  In  fact,  polymerization 
usually  occurs  just  above  the  crystalline  melting  point  or  Tg  of  the  bismaleimide  precursor 
[138,139].  The  crosslinking  reaction  of  nadimide-terminated  systems  is  more  complex  and  less 
understood;  it  is  postulated  that  a  reverse  Diels-Alder  reaction  of  the  norbomenyl  endgroups  occurs 
to  generate  the  n^eimide  moiety  and  cyclopentadiene.  The  highly-activated  m^eimide 
unsaturation  is  then  proposed  to  copolymerize  with  cyclopentadiene  and  unrearranged  norbomenyl 
groups  via  an  addition  polymerization  as  depicted  in  Figure  20  [156,159].  The  release  of 
cyclopentadiene  during  cure  has  caused  considerable  difficulties  with  commercial  resins  based  on 
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bisnadimides  (i.e.,  PMR-15  resins)  [156],  Ujng,  complex  cure  cycles  and  high  processing 
pressures  are  required  to  achieve  void-free  composite  laminates  [156].  Indeed,  in  the  current 
investigation  where  the  ND-PEK  wm  processed  at  atmospheric  pressure,  void  fomiation  was 
clearly  evident,  presumably  bw^ause  of  the  release  of  cyclopenta^ene.  TTie  curing  rate  of  the 
nadimide-terminatol  PEK's  was  slower  than  diat  of  the  comparative  maleimide  functionalized 
oligomere  (Figure  51);  it  is  postulated  that  the  decreased  reactivity  may  be  attributed  to  the  reveise 
Diels- Alder  reaction,  which  is  presumably  the  rate  determining  step  in  die  polymerization  of  the 
norbomenyl  endgroups  [ 1 56, 1 59] . 

A  major  advantage  of  microwave  processing  over  conventional  themml  processing  is 
illustrated  by  the  plot  shown  in  Figure  52,  depicting  the  microwave  and  thermal  curing  behavior  of 
a  7.5  k^mole  MI-PEK  oligonter  at  220°C.  TTiis  plot  exemplifies  the  tremendous  capabilities  of 
microwave  processing;  a  folly  cured  networic  was  achieved  in  only  35  minutes  as  opposed  to  over 
10  houre  with  a  conventional  diermal  cure.  This  represents  a  twentyfold  reduction  in  the 
processing  time  at  the  sanw  isothermal  cure  temperature.  The  importance  of  this  capability  in  the 
processing  of  high  performance  polymers  is  enormous;  EMR  processing  may  be  utilized  to  raiuce 
the  long-term  high  temperature  conditions  (which  might  lead  to  degradation)  normally  employai  in 
the  fabrication  of  stnictural  components  or  coatings. 

Similar  reductions  in  the  EMR  cure  time  were  observed  for  the  nadimide-terminated  and 
amine-terminated  PEK’s  as  shown  in  Figures  53  and  54,  respectively.  Figures  53  and  54  depict 
the  isothermal  (260°C)  microwave  and  thermal  curing  behavior  of  ND-PEK  and  NH2-PEK 
oligomers,  respectively,  possessing  molecular  weights  of  2.5  kg/mole.  Higher  processing 
temperatures  were  requir^  to  achieve  complete  cure  in  the  thermal  reactions  of  foe  ND-PEK  and 
NH2-PEK  oligomers  in  a  7-  to  10-hour  time  frame,  compared  with  the  MI-PEK.  This,  again, 
emphasized  foe  fact  that  foe  maleimide-terminated  oligomer  was  foe  most  reactive  of  foe  three 
functionalities.  The  microwave  processed  PEK's  in  Figures  53  and  54  were  not  cured  to 
completion  because  of  instrument  limitations;  the  high  power  (60  watts)  processing  requirement  for 
the  low  loss  PEK  oligomers  overheated  foe  microwave  generator  after  1  hour  of  continuous  use. 
However,  "high  power"  is  relative  to  the  generator  utilized;  commercial  microwave  ovens  for 
heating  food  typically  operate  at  700  watts.  Thus,  foe  actual  power  required  to  process  both  foe 
epoxy  resin  precursors  and  foe  functionalized  PEK  oligomers  was  quite  low. 

As  previously  discussed  (Section  2.O.),  foe  mechanism  of  foe  accelerated  curing  rate  is 
uncertain.  Two  proposals  have  been  put  forth  to  explain  foe  reduced  curing  times.  The  first 
attributes  foe  acceleration  to  the  novel  mechanism  of  energy  transfer  with  EMR  processing  [1 1,14], 
and  foe  second  proposal  attributes  the  accelerated  reaction  rates  to  foe  localized  deposition  of 
microwave  energy  to  functional  groups  possessing  permanent  dipole  moments  (i.e.,  foe  ketone 
moieties  and  foe  maleimide  endgroups  in  PEK  based  bismaleimides).  It  has  been  postulated  that 
these  "high  energy  regions"  may  be  manifested  as  regional  high  temperature  (on  foe  molecular 
level)  or  ensembles  where  there  is  an  enhanced  reactivity,  either  of  which  may  result  in  increased 
reaction  rates  [63,64]. 


2.3.3.3.2.  Effectof  Molecular  Weight 

The  influence  of  molecular  weight  on  the  curing  behavior  of  foe  PEK  oligomere  was 
investigated  with  foe  maleimide-terminated  systems.  A  plot  of  foe  percent  gelation  versus  curing 
time  in  minutes  for  a  series  of  foree  different  molecular  weight  MI-PEK  oligomere  cur^ 
isothermally  at  220°C  with  EMR  processing  is  shown  in  Figure  55.  Fully  insoluble  networks  were 
achieved  with  all  three  oligomers  in  less  than  40  minutes.  Furthermore,  foe  curing  rate  was 
enhancal  by  decreasing  foe  molecular  weight  of  foe  oUgomers.  This  may  be  attributed  to  a 
combination  of  two  factore.  Firet,  as  the  molecular  weight  of  foe  MI-PEK  oligomer  decreased 
from  7.5  to  5.0  to  2.5  k^mole,  foe  weight  percent  (i.e.,  relative  concentration)  of  foe  reactive 
functional  endgroups  increas^  from  2.3%  to  3,0%  to  5.5%,  respectively.  And  seconfo  as 
molojular  weight  decreased,  the  melt  viscosity  decreased,  thus  increasing  mobility  during  curing. 
Both  of  these  factors  are  extremely  important  in  a  thermosetting  reaction;  however,  they  are 
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especially  significant  with  EMR  processing  since  microwave  absoiptivity  increases  with  both  a 
higher  concentration  of  polar  groups  (i.e.  maleimide  endgroups)  and  enhanced  mobility. 

The  effect  of  molecular  weight  was  also  investigate  with  the  thermally  cured  MI-PEK 
oligomers  (5.0  and  7.5  kg/mole)  as  shown  in  Figure  56.  The  same  trend  was  observed  as  in  the 
EMR  cured  resins;  however,  the  thermal  cures  took  significantly  longer  to  reach  completion. 


2,3.3.3.3.  Effect  of  Cure  Temperature 

The  influence  of  cure  temperature  on  the  reaction  rates  of  the  functionalized  PEK's  was 
illustrated  with  the  microwave  processed  maleimide-terminated  PEK  (2.5  kg/mole)  as  shown  in 
Figure  57.  The  effwt  of  cure  temperature  with  this  oligomer  was  minimal;  indeed,  upon  increasing 
the  cure  temperature  80°C,  from  220°C  to  300°C,  only  a  slight  reduction  in  the  cure  time  was 
observed  (Figure  28).  Complete  curing  plots  were  not  generated  for  the  comparative  thermally 
cured  oligomer,  however,  it  was  demonstrated  that  complete  cure  was  achieved  in  approximately  4 
houre  at  220°C  and  1  hour  at  300°C.  Thus,  the  effect  of  cure  temperature  with  the  thermally 
processed  oligomers  was  quite  significant.  This  suggested  that  as  cure  temperature  increased  the 
difference  between  the  microwave  and  thermal  cure  times  appeared  to  decrease. 


2.3.3.3.4.  Blends  of  Maleimide-Terminated  Poly(arylene  ether  ketone)  with 
Bismaleimidodiphenylmethane 

The  isothermal  (220°C)  microwave  and  thermal  curing  behavior  of 
bismaleimidodiphenylmethane  (BMI),  maleimide-terminated  PEK  and  their  50/50  weight  percent 
blend  is  shown  in  Figures  58  and  59,  respectively.  As  demonstrated  by  these  plots,  the  simple 
BMI  resin  cured  most  rapidly,  followed  by  the  blend  and,  lastly,  by  the  MI-PEK  oligomer  for  both 
processing  techniques.  Furthermore,  as  in  previous  situations,  the  microwave  cured  resins  (Figure 
58)  cured  much  more  rapidly  than  the  corresponding  thermally  processed  oligomers  (Figure  59). 

The  effect  of  blending  the  simple  BMI  resin  with  the  maleimide-terminated  PEK  oUgomers 
was  analgous  to  decreasing  the  molecular  weight  of  the  PEK  oligomer  (Section  2.3. 3.3.2.).  As 
the  BMI  content  was  increased,  the  weight  percent  of  the  reactive  functional  endgroups  increased, 
thus  increasing  the  relative  concentration  of  the  highly  activated  maleimide  endgroups. 

Furthermore,  as  BMI  content  increased,  the  melt  viscosity  decreased,  thus  increasing  the  mobility 
of  the  resin.  Both  of  these  factors  (increased  concentration  of  reactive  endgroups  and  enhanced 
mobility)  have  a  strong  influence  on  both  microwave  absorptivity  and  the  curing  rates  in 
thermosetting  reactions. 


III.  CONCLUSIONS 

Microwave  processing  has  been  demonstrated  to  have  a  number  of  real  and  potential 
advantages  relative  to  thermal  processing.  The  rapidity  of  the  process  plus  the  abUity  to  control 
morphology  in  multiphase  materials  is  unique  and  should  be  fiulher  studied  and  commercialized  in 
selected  areas.  One  of  the  early  applications  appears  to  be  in  the  filament  winding  of  thermoplastic 
composites  as  discussed  in  the  appendix  by  Lind  et.al.  from  McDonnell  Douglas.  A  variety  of 
dielectric  studies  were  conducted  on  model  polystyrene  systems,  epoxies,  PfeK,  Ultem, 
polyimides,  polyamides,  ethylene  vinyl  acetate  (EVA),  polyethylene,  PBI^olyimide  blends, 
styrene  acryloniti'ile  (SAN)  and  nitrile  rubber.  A  consistent  view  has  bwn  developed  wherein  tiie 
polarity  of  the  material  influences  the  processability  either  into  reactive  networks  or  nonre^tive 
thermoplastics.  Near  the  end  of  the  effort,  techniques  were  developai  for  the  in  situ  dielectric  and 
spectroscopic  characterization  of  the  curing  material.  This  would  be  most  valuable  for  dynamic 
studies  of  network  formation  as  well  as  possibly  the  generation  of  smart  materials  which  contained 
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appropriate  sensors.  The  preliminary  results  are  extremely  interesting  but  are  considered  a  bit 
premature  to  include  in  the  main  body  of  this  report  Subsequent  efforts  possibly  with  alternative 
or  additional  support  funds  could  furdier  develop  this  important  processing  monitoring  area.  The 
concepts  of  microwave  calorimetry  are  considered  extremely  important  for  the  processing  of 
thermoplastics.  Finally,  application  of  the  microwave  curing  phenomena  to  inorganic  hybrids, 
e.g.,  the  ceramers.  has  been  demonstrated  and  could  advance  this  important  hybrid  area 
significantly.  Most  obvious  applications  would  be  for  high  refractive  index  coating  materials, 
although  many  others  have  been  suggested  and  are  included  in  the  contribution  of  Wilkes  provided 
in  the  appendix. 


IV.  RECOMMENDED  FUTURE  STUDIES 

It  would  be  counter  productive  and  really  a  shame  to  stop  the  work  at  this  point,  just  as  a 
number  of  potential  important  applications  have  been  identified.  In  particular,  there  is  a  major  need 
for  the  scaling  of  the  microwave  equipment  developed  by  Michigan  State  and  modified  by  others. 
The  availability  of  the  equipment  will  be  a  major  issue  in  allowing  others  to  build  on  research 
reported  herein.  Thus,  it  is  strongly  recommended  that  equipment  development  be  further 
pursued,  particularly  allowing  for  pressure  during  fabrication  steps. 

A  whole  range  of  new  chemistries  could  be  studied,  in  particular,  the  potential  for  combining 
metals  with  polymers  or  ceramics  with  polymers  should  be  pursued.  It  is  easy  to  imagine,  for 
example,  the  development  of  major  new  stealth  technology  which  would  couple  the  rapid 
processing  of  low  dielectric  polymer  and  ceramic  powders  with  metal  derivatives  with  a  view 
toward  obtaining  highly  damped  radar  transparent  materials.  The  principal  investigator  plans  to 
develop  such  ideas  into  a  proposal  for  DARPA. 
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ABSTRACT 

The  objective  of  this  effort  has  been  to  investigate  the  relationship  between 
polymer  structure  and  microwave  absorptivity.  Dielectric  loss  factor,  e",  loss  tangent, 
tanS,  and  oscillator  strength,  (ss  -  £«),  were  used  to  evaluate  potential  material 
processability  under  applied  microwave  radiation.  Numerous  polymeric  materials 
varying  in  chemical  and  physical  structures  were  irradiated  in  a  low  power  (  <100W) 
electric  field  at  2.45  GHz.  Electromagnetic  radiation  was  applied  as  either  traveling  or 
resonant  wave  modes  in  either  cylindericai  or  rectangular  waveguides.  In  general, 
heatibility  was  found  to  be  a  direct  function  of  the  dielectric  loss  dispersion  with 
temperature  and  frequency.  The  dielectric  loss  factor  obtained  at  low  frequency 
measurements  was  found  to  be  directly  proportional  to  the  heatability  of  polymers.  A 
WLF  plot  was  used  to  predict  the  shift  of  dielectric  loss  maxima  into  or  out  of  the 
microwave  frequency  range. 
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INTRODUCTION 


The  application  of  ftiicrowave  processing  to  polymers  and  composites  has  been 
pureued  in  several  laboratories  throughout  the  world  over  the  past  hwo  decades.  Here, 
significant  impact  has  been  made  in  the  rubber  and  food  industries  where  processing 
with  microwaves  yields  substantial  advantages.  In  contrast  to  conventional  thermal 
treatments,  these  advantages  are  rapid  volumetric  heating,  no  overheating  at  the 
surface,  addressable  heating,  energy  saving  and  low  operating  costs,  increased 
throughput,  and  reduced  degradation. 

Microwave  heating  of  materials  stems  from  dielectric  power  absorption  as 
described  by  the  following  equation: 

P  =:  KfE2e'tan5  [1] 

where  P  is  the  power  dissipation  in  W/cm^,  K  is  a  constant  equal  to  55.61  x  f  is 
the  applied  frequency  in  Hz,  E  is  the  electric  field  strength  in  V/cm,  s*  is  the  dielectric 
constant  and  tanS  is  the  dielectric  loss  tangent.  Both  s'  and  tan5  depend  upon  both  the 
frequency  and  the  sample  temperature.  The  electromagnetic  field  energy  dissipated 
as  heat  per  unit  volume  is  proportional  to  the  dielectric  loss  factor  (£’tan5),  the  square 
of  the  field  strength  (E^)  and  the  frequency  (f)  of  the  applied  field.  In  this  discussion,  it 
is  assumed  that  influences  upon  heating  rate  due  to  heats  of  reaction  are  negligible. 

The  ratio  of  the  dielectric  loss  factor,  e",  to  the  dielectric  constant,  e',  is  called  the 
loss  tangent,  tan5,  for  a  nonionic  material.  The  dielectric  loss  factor  determines 
primarily  the  rate  of  conversion  of  electrical  energy  into  thermal  energy  in  the  material 
before  phase  transition  losses.  Since  the  electric  field  penetrates  the  material,  heat  is 
generated  Internally.  Thus,  until  convection  and  conduction  losses  become  important, 
the  dielectric  power  dissipation  is  independent  of  the  heat  flow  through  the  surface  of 
the  material.  This  is  in  contrast  to  conventional  thermal  heating  which  Is  dependent 
upon  the  thermal  conductivity  of  the  material  and,  therefore,  is  much  more  time 
consuming. 

If  convection  and  conduction  losses  and  heat  flux  due  to  chemic^  reactions  are 
ignored,  the  heating  rate  of  a  material  placed  in  an  electromagnetic  field  depends  on 
several  key  parameters.  These  may  be  described  by  the  relationship: 

dr  _  KCE  a'CntanSTT) 
dt  pCy 


[21 


where  p  is  the  density  of  the  material,  Cv  is  the  specific  heat  and  the  other  variables  are 
as  defined  in  Equation  1.  Again,  no  chemical  reactions  are  assumed.  The  heating 
rate,  as  Equation  2  indicates,  is  directly  dependent  on  the  dielectric  behavior  of  a 
polymer.  It  must  be  noted  that  the  dielectric  behavior  is  a  function  of  temperature  due 
to  the  variability  of  s"  with  temperature.  This  behavior  is  determined  largely  by  the 
charge  distribution  within  bonds,  chain  conformation,  bulk  morphology  and  statistical 
thermal  motion  of  the  polar  groups.  The  most  influential  factor  is  its  chemical  structure. 
A  detailed  investigation  of  dielectric  properties  would  not  only  permit  a  better 
understanding  of  the  polymer  structure  but  would  also  allow  the  prediction  of  an 
optimum  chemical  structure  for  maximizing  its  coupling  with  microwave  energy. 
Ultimately,  this  study  would  identify  those  materials  which  would  be  most  suitable  for 
microwave  processing. 

A  better  understanding  of  the  mechanism  for  coupling  microwave  energy  into  a 
material  may  be  achieved  by  examining  the  dependence  of  dielectric  properties  upon 
frequency  at  fixed  temperatures  or  upon  temperature  at  fixed  frequencies.  The 
resultant  contour  surface  of  dielectric  loss  versus  log(frequency)  and  temperature 
would  reveal  region  of  dielectric  due  to  different  mechanisms.  Interpretation  of  these 
mechanisms  usually  requires  information  over  a  wide  frequency  range  along  with 
other  material  data  such  as  the  melting  point  and  the  glass  transition  temperatures. 

The  activation  energies  of  the  various  relaxations,  AEa,  can  be  an  important  clues  for 
identifying  associated  molecular  motions.  Although  an  optimum  frequency  for 
dielectric  heating  can  be  selected  from  knowledge  of  maximum  dielectric  loss,  the 
process  is  actually  much  more  complex. 

Numerous  techniques  for  obtaining  dielectric  properties  of  polymers  dependent 
upon  frequency  are  available  (1).  For  the  measurement  of  the  complex  dielectric 
constant  at  frequencies  below  100  MHz,  bridge  methods  are  employed.  Above  this 
frequency,  the  measurement  is  accomplished  by  either  a  reentrant  cavity,  standing 
wave,  or  cavity  resonator  methods.  Above  10  GHz,  free  space  methods  are  used.  It  is 
rare,  however,  to  find  high  frequency  and  temperature  variation  data  for  polymers  in 
the  literature. 

The  quantity  that  influences  microwave  heatability  the  most  is  the  dielectric  loss 
factor.  However,  its  variation  with  temperature  at  2.45  GHz  is  difficult  to  measure.  It  is 
more  experimentally  convenient  to  obtain  dielectric  absorption  spectra  as  a  function  of 
temperature  at  various  lower  frequencies.  The  variations  caused  by  orientation 
polarization  changes  could  be  observe  directly.  In  addition,  since  the  mechanical 
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properties  (polarization  and  relaxation)  of  polymers  are  closely  associated  with  its 
electrical  properties,  the  techniques  for  respective  properties  measurements  are 
complementary  in  the  characterization  of  structure-property  relationships. 

THEORY  OF  STRUCTURE-PROPERTY  RELATIONSHIPS 

The  general  relationship  of  the  dielectric  constant  and  the  dielectric  loss  factor  to 
the  applied  frequency  for  a  polar  molecule  is  depicted  in  Rgure  1.  Electronic 
polarization  is  observed  ^  high  frequencies  corresponding  to  the  uv  region,  as  a  result 
of  the  displacement  of  the  electrons  in  the  molecules  relative  to  the  positive  nuclei. 

This  type  of  polarization  occurs  in  all  materials  and  yields  a  dielectric  constant  of  about 
two.  Atomic  polarization  arises  from  the  displacement  of  atoms  relative  to  one  another 
in  the  molecule.  The  movement  of  heavy  nuclei  is  more  sluggish  than  that  of 
electrons.  The  time  required  for  atomic  polarization  is  around  10*^3  s  and  corresponds 
to  the  frequency  range  of  infrared  radiation.  Electronic  and  atomic  polarizations  may 
also  be  called  displacement  deformations  or  distortion  polarizations,  in  which  case, 
the  dipole  moment  so  produced  is  called  an  induced  dipole  moment.  Both  of  these 
rapid  events  are  referred  to  as  "optical  polarizations." 

If  the  polar  molecules  intrinsically  possess  a  permanent  dipole  moment,  the 
moment  will  tend  to  align  to  the  applied  field  to  give  a  net  polarization  in  that  direction. 
Within  the  frequency  range  of  dielectric  relaxation,  the  polarizability  due  to  the 
electronic  and  atomic  polarization  remains  unchanged.  This  is  due  to  the  time  required 
for  the  distortion  polarization  of  a  molecule  to  reach  equilibrium  with  the  applied  field 
being  much  shorter  relative  to  that  for  orientation  polarization.  At  lower  frequencies, 
the  contribution  of  the  induced  dipole  moments  becomes  negligible  compared  to  the 
permanent  dipole  moments  of  the  system.  Dipole  relaxation  is  commonly  in  the 
frequency  range  of  10®  to  IO^OHz.  The  static  (relaxed)  dielectric  constant,  ss,  and  the 
high  frequency  (unrelaxed,  or  optical)  dielectric  constant,  £«  are  defined  In  Rgure  1  as 
the  maximum  and  minimum  dielectric  constant  in  the  dipole  relaxation  region. 

Electronic,  atomic,  and  orientation  polarization  are  due  to  local  changes  in  atoms, 
molecules,  or  the  structures  of  solids  and  liquids.  In  contrast,  interfadal  polarization 
occurs  as  a  result  of  the  differences  in  the  conductivities  and  dielectric  constants  of  the 
materials  at  interfaces.  This  accumulation  of  space  charge  is  responsible  for  field 
distortions  and  dielectric  loss,  referred  to  as  Maxwell-Wagner  charging. 

Dielectric  relaxation  Is  the  exponential  decay  of  the  polarization  with  time  in  a 
dielectric  material  when  an  externally  applied  field  is  removed.  Dielectric  relaxation 
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causes  anomalous  dispersion  in  which  the  dielectric  constant  decreases  with 
increasing  frequency,  as  depicted  in  Rgure  1.  In  the  most  elementary  fashion  the 
decay  function  can  be  described  in  the  following  relationship: 

0a(t)  a  e-*'''  [3] 

where  T  is  the  relaxation  time,  the  time  required  for  the  polarization  to  decay  to  1/e  of 
the  original  equilibrium  value.  It  is  time  independent  but  highly  temperature 
dependent.  From  a  structural  point  view,  the  dipole  relaxation  depends  on  the  internal 
structures  of  the  molecules  and  on  the  molecular  arrangement  or  stmcture  of  the 
dielectric  material. 

In  polymeric  systems,  the  relationship  shown  In  Equation  3  is  highly  simplified. 
The  relaxation  time  depends  on  the  viscosity  of  the  medium,  which  in  turn  depends  on 
the  temperature.  In  gases  where  the  molecular  motion  is  vigorous  and  rapid,  the  time 
required  for  dipole  relaxation  is  near  s.  For  small  molecules  in  low  viscosity 
liquids,  the  time  required  is  about  - 10* '•0  s,  which  corresponds  directly  to  the 

microwave  frequency  region.  For  large  molecules  or  viscous  liquids,  the  time  required 
is  about  10*®  s,  i.e.,  radio  frequencies.  The  phase  lag  between  the  polarization  and 
the  applied  field  reveals  an  absorption  of  energy  which  will  be  temperature 
dependent.  Increasing  temperature,  and  thus,  mobility  of  the  polymers,  allows  rapid 
orientation  of  polar  molecules  in  the  direction  of  the  external  electric  field.  As  Equation 
3  is  inadequate  in  the  case  of  alternating  fields,  the  polarization  may  be  related  to 
frequency  and  a  distribution  of  relaxation  times  as  follows  in  Equation  4.  This 
"stretched"  exponential  distribution  allows  for  a  broader  response,  such  as  typical  for 
polymers,  through  the  adjustable  parameter  j3. 


P 

erbCt)  a 

As  indicated  in  Rgure  2,  at  high  frequencies  the  greater  viscosity  of  polymer 
molecules  prevents  the  dipoles  from  orienting  in  the  rapidly  reversing  field. 
Consequently,  the  dipoles  do  not  influence  the  a-c  characteristics  (e'^and  s"*)  at  high 
frequencies.  As  the  frequency  decreases,  the  dipoles  respond  more  freely  with  an 
associated  loss  of  energy.  The  loss  peaks  ultimately  decrease  when  the  oscillations  of 
individual  units  no  longer  couple.  As  the  frequency  is  reduced  still  further,  the  applied 
power  is  no  longer  converted  to  heat  by  viscous  transfer.  At  this  point,  the  dielectric 
constant  possesses  its  highest  static  value,  Ss,  in  relation  to  the  dipole  contribution. 
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and  the  dielsctric  loss  factor  and  loss  tangent  reach  a  minimum.  As  the  ftaguency 
approaches  zero,  e"  approaches  zero  and  s'  approaches  the  stetic  dielectric  constant, 
Ss.  As  the  frequency  approaches  Infinity,  e’  approaches  e»,  the  optical  dielectric 
constant  The  optical  dielectric  constant  is  defined  as  the  product  of  the  permittivity  in 
free  space  and  the  square  of  the  refractive  index. 

Separating  the  real  and  the  imaginary  parts  of  Debye  equations  yields: 


s' 


e, 


1  +C0  T 


[51 


... 

2  2  [6] 

1  +03  X 

where  q  is  the  frequency  (o)  =2m)  and  x  Is  the  dielectric  relaxation  time.  As  the 
frequency  or  the  relaxation  time  is  changed  via  a  temperature  shift,  e"  yields  a 
maximum  value  at  (ss  -  e»)/2  when  cot  =*  1  in  the  simplified  model  where  one  x  is 
sufficient.  At  the  same  time,  s'  decreases  from  Ss  to  £«.  with  increasing  frequency.  For 
polar  liquids,  this  decrease  may  occur  within  a  100-fold  frequency  range. 

In  the  case  of  polymers,  however,  this  dispersion  occurs  over  a  much  wider 
frequency  range.  Additionally,  the  maximum  value  of  e"  is  typically  lower  than  that 
predicted  by  Equation  6.  Polar  polymers  realistically  never  follow  the  simple  Debye 
equations.  The  real  situation  may  be  represented  by  the  superposition  of  several 
Debye  curves  representing  a  set  or  distribution  of  relaxation  times.  To  adequately 
represent  polymer  response,  measurements  should  be  made  over  a  frequency  range 
of  10'3to  IQio  Hz.  The  high-frequency  value  of  the  dielectric  constant,  e«,  is  2.2  to  2.5 
for  polymers.  The  static  quantity,  £$,  may  have  a  wide  range  of  values  depending  on 
the  polymer  structure. 

In  simple  liquids,  the  relationship  of  dielectric  constant  and  dipole  moment  has 
been  successfully  expressed  by  the  Onsager  equation  (2).  At  ordinary  temperatures,  a 
polymer  molecule  in  the  liquid  or  even  glassy  phase  will  undergo  continuous 
Brownian  motion  and  the  moment  of  the  chain  will  vary  continuously  in  time.  However, 
the  Onsager  theory  is  not  sufficient  to  describe  the  dielectric  properties  of  polymer 
molecules. 


114 


In  the  condensed  phase  or  semidilute  solutions,  the  dipole  moments  of  the 
molecules  or  groups  interact  strongly  and  result  in  a  decrease  of  the  total  dipole 
moment.  This  reduction  facor,  g^,  was  first  defined  by  Kirkwood  (3). 


Sr* 


jiaji  (condensed) 
2 

|io(sas) 
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where  po  is  the  total  dipole  moment  of  the  group  or  molecule  and  p^ff  is  the  effective 
dipole  moment  measured  in  the  condensed  state.  The  value  of  the  reduction  factor  is 
determined  by  the  number  and  distance  of  the  nearest  polar  neighbors  to  the  group 
considered.  Typically,  the  Kirkwood  reduction  factor  is  significantly  different  from  unity, 
even  for  dilute  solutions,  due  to  the  intramolecular  interactions  of  the  polar  units  of  the 
macromolecule.  Additionally,  the  Kirkwood  coefficient  is  highly  temperature 
dependent. 

Although  intramolecular  interactions  influence  the  physical  properties  of  bulk 
polymers  in  the  solid  and  viscoelastic  fluid  states,  the  conformational  motions  of 
polymer  molecules  in  bulk  are  not  yet  completely  understood.  It  is  difficult  to  determine 
which  specific  part  of  the  molecule  behaves  rigidly  during  thermal  motion  in  a  given 
temperature  range.  As  such,  their  corresponding  reduction  factors  have  yet  to  be 
determined. 

Frohlich  (4)  modified  the  Onsager  theory  by  incorporating  the  Kirkwood  reduction 
factor  into  the  Onsager  equation  which  resulted  in  the  Frb’hlich-Kirkwood  equation; 


3€g  47CN 

3kT 
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The  quantity  (£$  -  £«.)  is  important  in  the  analysis  of  dielectric  data  in  terms  of 
molecular  structure.  It  is  a  measure  of  the  intensity  or  the  strength  of  the  relaxation 
process.  It  is  proportional  to  the  number  of  dipoles  involved  in  the  relaxation  process 
yet  inversely  proportional  to  the  temperature.  If  the  dipole  moment,  |io,  and  the  intra- 
and  intermolecular  interactions,  gr,  are  not  changed  in  the  working  temperature  range, 
then  the  dielectric  constant  should  decrease  with  Increasing  temperature.  This  is  the 
case  for  dilute  solutions  and  for  some  polymers  in  the  molten  state.  However,  the 
dielectric  constant  of  practically  all  polar  polymers  increases  with  increasing 
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temperature.  Indicating  that  the  dependence  is  mainly  governed  by  both  intra-  and 
intermolecular  interactions. 

The  area  beneath  the  dielectric  loss  factor  versus  frequency  curve,  picdurad  in 
Rgure  1 ,  is  proportional  to  (es  -  &»).  The  maximum  dielectric  loss  fector  varies  with  the 
distribution  of  relaxation  times,  as  governed  in  the  following  equation: 


e5-e_=^|  e"dlnf 


[91 


These  relationships  apply  to  all  dispersions,  and  are  useful  in  checidng  the  internal 
consistency  of  data;  they  are  particularly  important  in  polymer  dipolar  relaxation 
related  to  heating. 

Polymers  usually  exhibit  more  than  one  dipolar  dispersion,  as  shown  in  Rgure  2. 
A  prominent  feature  of  polymeric  dipolar  motions  involves  complex  cooperative 
movement  of  multiple  chain  sections  consisting  of  a  large  number  of  monomeric  units 
(segments)  at  the  Tg.  Besides  segments,  smaller  and  more  mobile  kinetic  units  are 
also  moving  in  polymers  at  appropriate  temperatures.  Such  kinetically-independent 
units  may  be  side  chains,  chain  ends,  or  individual  atomic  groups  such  as  polar 
substituents.  The  relaxation  time  of  the  orientation  movement  of  such  groups  is 
smaller  than  the  relaxation  time  of  main-chain  segments  allowing  them  to  retain  their 
mobility  below  the  glass  transition  temperature. 

In  order  to  identify  and  compare  the  locations  of  loss  peaks  In  different  polymers, 
the  nomenclature  first  suggested  by  Deutsch,  et  al.  (5)  is  used.  The  relaxation 
observed  at  the  highest  temperature  (constant  frequency)  or  lowest  frequency 
(constant  temperature)  is  called  the  a  dispersion.  Subsequent  dispersions  are 
identified  with  the  remaining  relaxation  regions  in  order  of  decreasing  temperature  (or 
increasing  frequency)  as  p,  y,  and  so  on.  In  amorphous  polymers,  a  loss  region 
associated  with  the  glass-rubber  transition  is  observed  at  or  above  the  "equilibrium",  or 
"zero  heating-rate",  glass-transition  temperature,  Tg,  and  is  usually  labelled  the  a 
relaxation.  The  glass-to-rubber  transition  in  polymers  is  associated  with  orientation 
rotation  of  multiple  backbone  chain  units  of  the  macromolecule  under  conditions 
where  segmental  movement  becomes  possible  due  to  increasing  free  volume.  If  there 
are  polar  groups  in  the  polymer's  side  chains  which  are  capable  of  orientation  in  an 
electric  field  independent  of  one  another  and  which  have  different  relaxation  times, 
additional  dipole-group  loss  maxima  will  also  appear  in  the  e"  vs.  temperature  or  e"  vs. 
frequency  curves. 
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The  variation  of  e'  and  €'  with  frequency  is  shown  schematicaily  in  Rgure  3  and 
complements  the  variation  of  s'  and  s"  with  temperature  given  in  Rgure  2.  The  peak 
values  are  identical,  but  the  dispersion  shapes  are  different.  The  relaxation  time  of 
each  process  can  be  described  by  the  following  equation: 

[10] 

where  is  the  relaxation  time  of  the  ilil  mode  of  motion  in  the  high  temperature  limit. 
The  higher  the  temperature,  or  the  smaller  the  activation  energy,  the  shorter  the 
relaxation  time.  In  Rgure  2,  the  activation  energy  of  the  local  chain  motion  (P  process) 
is  always  less  than  that  of  the  main  chain  motion  (a  process)  at  a  given  temperature, 
usually  by  one  order  of  magnitude.  Therefore,  for  a  given  increase  in  temperature,  the 
p  relaxation  will  shift  along  the  abscissa  faster  than  that  of  an  a  relaxation.  As  a  result, 
both  relaxations  tend  to  merge  as  frequency  is  increased.  In  the  frequency  domain 
(see  Rgure  3),  the  shift  along  the  abscissa  of  the  a  relaxation  is  faster  than  that  of  the  p 
relaxation.  Therefore,  both  relaxations  eventually  merge  as  frequency  is  increased. 

There  is  no  single  method  available  for  characterizing  the  dielectric  behavior  over 
an  extremely  wide  frequency  range,  i.e.,  several  orders  of  magnitude.  However,  it  is 
easy  to  monitor  the  dielectric  properties  via  a  thermal  cycle  at  a  given  fixed  frequency 
up  to  the  100  kHz  range.  According  to  the  principle  of  time-temperature  superposition 
(6-8),  the  dielectric  response  in  Rgure  1  will  shift  to  a  higher  frequency  region  by 
increasing  the  temperature  and  maintain  the  same  shape.  Merging  a  and  p 
relaxations  at  higher  frequencies,  however,  will  change  the  shape  of  the  e"  distribution, 
but  will  not  affect  the  values  of  the  oscillator  strength,  (£3  -  £«,),  over  the  frequency 
domain  of  dipole  relaxation.  Evaluation  of  the  heatability  of  polymers  by  determination 
of  the  values  of  (£$  -  £«)  for  various  polymers  is  suggested. 

Orientation  polarization  due  to  the  presence  of  permanent  dipoles  in  a  molecule 
is  the  major  energy  coupling  mechanism  available  for  heating.  For  polymers 
containing  dipolar  groups,  the  complex  dielectric  relaxation  effects  observed  are 
related  to  coupled  orientation  of  the  permanent  dipoles  subsequent  to  the  application 
of  the  electric  field.  To  evaluate  the  influence  that  structure-property  relationships  will 
have  on  processability  with  microwave  radiation,  it  is  imperative  that  the  dielectric 
properties  be  thoroughly  investigated  and  be  correlated  with  chemical  and 
morphological  conformation.  One  must  first  examine  the  relationships  between  the 
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dielectric  constants  of  polymera  and  the  effective  dipole  moments,  as  described  in 
Equation  8.  In  considering  effecrive  dipole  moments,  it  is  helpftjl  to  use  group 
moments  instead  of  bond  moments.  Group  moments  are  the  dipole  moments  of  such 
cheniical  groups  which  are  known  to  have  a  stable  configuration  even  during  thermal 
motion.  One  may  ^culate  for  ail  polymer  structures  a  "static"  dipole  per  repeat 
structure  and  are  typically  on  the  order  of  1 0*^®  esu  cm  (1  Debye).  Dipole  moments 
have  usually  been  determined  in  the  gas  phase  or  in  a  solution  of  a  polar  substance 
dissolved  in  a  nonpolar  solvent  where,  at  infinite  dilution,  the  interaction  of  the  polar 
molecules  with  each  other  could  be  neglected.  A.  L  McClellan  collected  all 
experimentally  determined  dipole  moments  reported  prior  to  1962  (9).  The  tabulated 
dipole  moments  are  arranged  in  the  order  of  decreasing  dipole  moments  and 
presented  in  Tables  1  and  2.  From  the  dipole  moments  of  these  model  molecules,  the 
order  of  polarity  of  group  mortients  in  polymer  structure  units  is  shown  in  Rgure  4. 

EXPERIMENTAL 

MATERIALS 

The  glass  transition  temperatures,  melting  temperatures  and  the  suppliers  of  the 
polymers  used  in  this  study  are  summarized  In  Table  3.  All  polymers  except  for  the 
nitrile  robbers  were  used  without  further  purification.  The  nitrile  robbers  were 
dissolved  in  chloroform  (3%  wt.  of  solid),  filtered  through  a  Whatman  No.  1  filter  paper, 
coagulated  by  dropwise  addition  of  chloroform  solution  to  methanol,  and  dried  in  a 
vacuum  oven  at  room  temperature  for  1 2  hours.  This  purification  procedure  was 
repeated  to  ensure  high  purity.  Purified  nitrile  rubber  containing  2%  by  weight  of 
dicumyl  peroxide  (supplied  by  the  Lucidol  Division  of  the  Pennwalt  Corporation  , 
minimum  of  99%  purity,  used  as  received)  was  dissolved  in  chloroform  (6%  wt.  of 
solid).  Rims  were  prepared  by  casting  the  solution  into  a  teflon  mold.  Upon 
evaporation  of  the  solvent,  the  films  were  dried  in  a  vacuum  oven  at  room  temperature 
for  24  hours.  These  films  were  kept  In  the  desiccator  until  they  were  used  for  Dynamic 
Mechanical  Thermal  Analysis  (DMTA),  Dielectric  Thermal  Analysis  (DETA),  and  the 
microwave  experiments. 

Thermally-cured  films  were  prepared  in  a  convection  oven  at  150®C  for  2.5  hours. 
Specimen  preparation  methods  are  summarized  in  Table  3.  For  the  semicrystalline 
polymers,  some  samples  were  quenched  from  the  melt  state  into  an  ice  water  bath. 


118 


while  others  of  higher  crystallinity  were  prepared  by  quenching  in  the  platten  press 
(Pasadena  Hydraulics,  Inc.,  model  number  P210C-X3-5-7-20). 

DISPERSION  SPECTROMETER  SYSTEMS 

Polymer  Laboratory's  DETA  and  DMTA  instruments  were  used  to  provide 
relaxation  Information  covering  the  broad  frequency  range  of  0.3  Hz  to  100  kHz. 
Dielectric  spectra  from  -150'’C  to  above  Tg  orTm  were  obtained  via  DETA  at  fixed 
frequencies  of  0.1 , 1, 10  &  100  kHz.  Thermal  mechanical  spectra  from  -150®C  to  Tg  or 
Tm  were  studied  by  using  the  DMTA  at  frequencies  of  0.3, 1 ,  3, 10  and/or  30  Hz.  All 
samples,  except  the  nitrile  rubbers,  were  tested  in  the  bending  mode.  The  mechanical 
analyzer  was  equipped  with  shear  clamps  for  testing  the  soft  uncured  nitrile  rubber.  A 
single  cantilever  bending  mode  was  chosen  for  the  microwave-cured  nitrile  rubber. 

MICROWAVE  INSTRUMENTATION 

The  travelling  wave  applicator  is  depicted  schematically  in  Rgure  5.  The 
individual  components  of  the  microwave  system  are  described  below. 

(i)  A  Raytheon  model  RGM-10X1  variable  (0-120  watts)  power  generator 
operating  at  2.45  GHz  which  was  used  as  the  microwave  source. 

(il)  A  circulator  to  protect  the  microwave  generator  from  reflected  waves,  as 
well  as  a  matched  termination. 

(iii)  Coaxial  directional  couplers,  attenuators  and  power  meters  which  measure 
the  incident  power,  Pi,  reflected  power,  Pr,  and  transmitted  power,  Pt. 

(iv)  Adapter  that  connects  the  coaxial  cable  to  the  WR284  waveguide. 

(v)  Samples  were  separated  by  teflon  sheets  of  0.005  in.  thick  and  placed  into 
a  3.3  cm  high  by  1.27cm  inside  diameter  cylindrical  teflon  sample  holder.  The  sample 
holder  was  placed  at  the  maximum  electric  field  region  of  the  waveguide. 

(vi)  An  adapter  fastened  at  the  other  end  to  couple  the  coaxial  cable  to  the 
waveguide  for  the  travelling  mode. 

(vii)  A  Luxtron  fluoroptic  thermometry  system  model  750  was  used  for 
temperature  measurements.  The  fiber-optic  temperature  measuring  probe  was 
inserted  into  the  center  of  the  sample  to  measure  the  sample  temperature. 

(viii)  An  IBM  personal  computer  was  used  to  record  powers  and  temperature 
versus  time,  simultaneously. 
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(ix)  Various  starting  temperatums  for  the  investigation  were  induced  by  external 
heating  of  the  waveguide  wth  a  strip  heater. 

Tnere  is  only  one  mode,  TEto  (10),  which  can  propagate  freely  in  the  rectangular 
WR2a4  waveguide.  This  mode  Is  characterized  by  an  electric  field  vector  (E)  which 
has  one  component  only,  lineariy  polarized  parallel  to  the  narrow  fsres  of  the 
waveguide  with  a  half  sinusoidal  variation  between  them,  having  a  maximum  value  at 
the  midpoint. 

Travelling  wave  applicators  are  those  which  apply  power  from  the  generator  into 
the  waveguide  allowing  absorption  of  the  energy  by  one  pass  of  the  vireves  through 
the  sample  before  being  absorbed  by  a  terminator.  This  particular  waveguide  was 
characterized  by  a  low  VSWR  (Voltage  Standing  Wave  Ratio)  of  less  than  1.17  for  this 
experiment.  Travelling  wave  applicators  can  be  operated  empty  without  risk  to  the 
generator.  Ideally,  the  waves  cannot  be  reflected  back  and  forth;  therefore,  the  electric 
field  strength  is  relatively  low.  This  wave  applicator  was  used  to  process  the  nitrile 
rubbers  with  three  different  percentages  of  acrylonitrile  content. 

A  cylindrical  cavity,  resonant  wave  applicator  was  used  to  process  the 
ethylene/vinyl  acetate  copolymers.  The  TEm  mode  was  chosen  to  process  these 
polymers.  The  specimens  for  microwave  processing  (1  cm  x  1  cm  x  0.5  cm)  were 
placed  in  the  cavity  of  a  flexible  silicone  mold.  The  size  of  the  silicone  mold  was 
approximately  2  cm  x  2  cm  x  1.2  cm.  Two  more  pieces  of  silicone  mold  were  stacked 
to  support  the  specimen  and  to  raise  the  specimen  to  the  center  of  the  TEm  mode. 

An  additional  silicone  mold  was  placed  on  the  top  of  the  specimen  in  order  to  secure 
the  fiber  optical  temperature  probe  in  place  and  to  prevent  heat  convection  losses  from 
the  specimen. 

RESULTS  AND  DISCUSSION 

THERMAL  RESPONSE  FROM  DETA  AND  DMTA 

Polysulfone 

The  temperature  dependence  of  the  log  storage  modulus  and  the  loss  tangent  for 
bisphenol  A  based  polysulfone  at  1 ,  3,  10  and  30  Hz  using  the  DMTA  instrument  is 
depicted  in  Figure  6.  The  glass  transition  temperature  of  blsphenol-A  polysulfone  was 
observed  at  around  1  SO^C.  The  well  known  low  temperature  j3  transition  is  apparent  at 

approximately  -TO^C. 
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The  temperature  dependence  of  the  dielectric  loss  tangent  obtained  via  DETA  for 
polysulfone  is  illustrated  in  Rgure  7.  The  loss  tangent  scale  between  -60‘’C  and  40°C 
was  expanded  5Q-fold  in  order  to  present  the  p  relaxation.  The  peak  intensity  of  the  a 
relaxation  was  about  100  times  larger  than  that  of  the  [5  relaxation.  The  intensity  of  the 
dielectric  absorption  depends  on  the  position  of  the  polar  bonds  in  the  polymer  chain 
with  respect  to  the  specific  units  involved  In  the  thermal  motion.  In  the  case  of 
polysulfone,  the  highly  polar  sulfone  groups  were  integral  to  the  main  chain.  Such 
polarity,  active  as  a  loss  mechanism  only  in  the  glass  transition  region,  resulted  In  a 
large  dielectric  relaxation.  The  low  dielectric  Intensity  of  the  p  relaxation  for 
polysulfone  Is  consistent  with  the  known  ring  flips  and  vibrations  of  the  bis-phenol  A 
moiety  which  is  of  lower  polarity. 

The  variation  of  the  dielectric  constant  and  the  dielectric  loss  of  polysulfone  with 
temperature  is  shown  in  Rgure  8.  The  relative  dielectric  constant  increased  by  only 
0.2  in  the  p  relaxation  region,  but  it  increased  from  2.9  to  7.65  in  the  glass  transition 
zone  which  was  evidence  for  a  strong  dielectric  relaxation.  As  discussed  before,  we 
can  consider  the  inverse  of  the  temperature  axis  as  equivalent  to  a  frequency  axis  so 
that  the  static  and  high  frequency  dielectric  constants  can  be  identified,  as  in  Rgure  8. 
The  static  (relaxed)  dielectric  constant,  es,  was  assigned  as  the  maximum  dielectric 
constant,  7.65  for  polysulfone.  The  high  frequency  (unrelaxed)  dielectric  constant,  Eoo, 
was  assigned  as  the  minimum  dielectric  constant,  2.7.  The  maximum  value  of  the 
dielectric  loss  factor  from  Rgure  8  and  the  loss  tangent  from  Rgure  7  at  100  kHz  are 
1 .63  and  0.282,  respectively. 

Nitrile  Rubbers 

The  a  relaxations  of  nitrile  rubber,  with  and  without  dicumyl  peroxide,  were 
obtained  via  DETA  at  1, 10  and  100  kHz  and  are  summarized  in  Table  4.  Due  to  local 
motions,  p  relaxations  were  small  and  difficult  to  detect  from  the  linear  plot  of  tan5 
versus  temperature.  Above  the  glass-transition  temperature,  ionic  conductivity 
increased  due  to  the  increased  mobility  of  the  free  charges.  The  maximum  values  of 
tan5  were  almost  the  same  regardless  of  the  addition  of  2%  by  weight  of  dicumyl 
peroxide.  This  was  attributed  to  the  fact  that  dicumyl  peroxide  is  not  a  polar  peroxide 
(11). 

Crosslinking  tends  to  lower  energy  absorption  associated  with  thermal  motion  of 
polar  -CN  groups.  Crosslinking  of  polymers  results  in  decreased  segmental  mobility 
which  increases  the  relaxation  time  of  dipole-segmental  loss,  so  that  the  dielectric  loss 
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maximum  temperature  is  shifted  to  a  higher  temperature.  This  can  be  dearly  seen  in 
Table  4  for  the  uncured  and  cured  nitrile  rubbers.  Tne  maximum  loss  tangent  value  of 
thermally-cured  nitrile  rubber  was  reduced  to  one  third  of  that  of  uncured  nitrile  rubber. 
Nonetheless,  even  at  a  loss  tangent  value  of  0.1 ,  the  cured  nitrile  mbber  was  receptive 
enough  to  show  good  heatabillty.  The  maximum  value  of  tanS  increased  with 
increasing  percentage  of  polar  acrylonitrile.  In  addition,  the  corresponding  transition 
temperature  shifted  to  a  higher  temperature  as  also  shown  in  Table  4. 

The  molecular  relaxation  process  In  polymers  which  gives  rise  to  dielectric 
relaxation,  in  general,  can  also  be  seen  in  the  mechanical  spectroscopy  analogue. 
Since  tan5  peaks  in  DMTA  are  biased  by  a  fundamental  weighting  of  different 
molecular  motion  processes  to  give  approximately  a  decade  mismatch,  comparisons 
within  this  frequency  region  are  developed  by  establishing  correlations  between  loss 
peaks  of  loss  moduli  (G"  or  E")  in  DMTA  and  loss  peaks  of  tanS  in  DETA. 

Temperatures  for  loss  maxima  obtained  from  DMTA  experiments  are  given  in  Table  5. 
In  the  case  of  nitrile  rubber  with  2%  added  dicumyl  peroxide  without  curing,  it  was 
seen  that  the  T^ax  ^fom  the  DMTA  spectra  were  shifted  +9°C  across  two  orders  of 
frequency  range.  The  DETA  spectra  revealed  a  Tmax  value  shift  of  +20®C  across  three 
orders  of  frequency.  The  width  of  the  tanS  peak  tended  to  broaden  with  increasing 
frequency.  This  would  indicate  a  broad  distribution  of  relaxation  times  having  slightly 
different  activation  energies.  Overall,  the  base  width  in  these  dispersions  is  larger 
than  4Q®C.  By  increasing  frequency  from  0.33  Hz  to  100  kHz,  Tmax  shifted  31  °C  with 
Tmax  at  100  kHz  at  7°C.  On  this  basis,  the  tail  of  the  dielectric  loss  spectra  would 
extend  to  near  room  temperature  (20°C)  when  the  applied  frequency  approached  the 
microwave  region  (2.45x1 0-Hz). 

Ot/ier  Polymers 

The  glass  transition  temperatures  for  various  polymers  determined  at  0.1, 1, 10 
and  100  kHz  via  a  DETA  are  summarized  in  Table  6.  In  the  case  of  the  methacrylates, 
the  bold  numbers  indicate  that  a  and  (3  relaxations  have  merged.  The  bold  italic 
numbers  indicate  those  transitions  which  were  difficult  to  obtain  for  some  polymers. 

For  the  semicrystalline  polymere,  the  Tg’s  for  both  the  quenched  and  the  slow-cooled 
materials  were  also  determined. 

The  glass  transition  and  melting  temperatures  and  the  apparent  activation 
energies  calculated  from  the  frequency  range  of  0.1  kHz  to  100  KHz  are  summarized 
in  Table  7.  As  frequency  Increased,  the  Tg’s  determined  from  the  peaks  of  tanS  were 
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shifted  to  higher  temperatures.  A  plot  of  Iog(frequenc/)  versus  the  reciprocal  of 
absolute  temperature  maximum  (Tg)  for  the  a  relaxation  fell  on  a  smooth  curve, 
indicating  a  continuously  changing  activation  energy  wth  temperature.  Placement  of 
a  straght  line  through  the  data  over  a  narrow  frequency  range  yielded  a  slope 
proportional  to  the  activation  energy,  These  calculated  values  are  summarized  in 
the  4th  and  5th  columns  in  Table  7.  In  general,  the  activation  energies  in  the  4th 
column,  calculated  from  the  Tg's  at  1 , 10  and  100  kHz,  are  smaller  than  those  in  the 
5th  column,  calculated  from  the  Tg's  at  0.1, 1, 10  and  100  kHz.  Although  four  decades 
of  frequency  were  not  enough  to  yield  a  plot  of  the  Williams-Landel-Ferry  (WLF) 
relationship  (8),  these  calculated  activation  energies  fit  this  trend.  These  Arrhenius 
activation  energies  were  useful  in  predicting  the  shift  of  the  dielectric  loss  factor 
spectra  into  or  out  of  the  2.45  GHz  frequency  region.  Generally,  the  stiffer  the  polymer 
chain,  the  higher  the  Tg  and  the  larger  the  apparent  activation  energy.  This  would 
result  in  a  slower  shift  of  the  dielectric  loss  spectra  and  a  narrower  span  between  Tg 
and  Tc,  the  critical  temperature  of  dielectric  loss. 

Merging  of  a  and  |3  relaxations  has  a  large  influence  on  the  dielectric  loss  factor. 
The  maximum  in  dielectric  loss  as  well  as  the  shape  of  the  dielectric  loss  dispersion 
depends  on  the  distribution  of  the  relaxation  times.  The  area  below  the  dielectric  loss 
factor  curve  changes  as  the  relaxations  merge;  however,  the  value  of  (es  -  &»)  remains 
unchanged  in  the  transition  region.  The  square  of  the  dipole  moment  is  closely  related 
to  (es  -  £«),  as  shown  in  Equation  8,  rather  than  to  the  distribution  of  the  dielectric  loss 
peak.  Evaluating  the  heatability  of  polymers  using  the  difference  of  (es  -  £«)  was  found 
to  be  an  easy  task  using  the  DETA  method. 

The  dielectric  properties  of  various  polymers  according  to  the  polarity  of  their 
group  moments  is  summarized  in  Table  8.  The  values  of  (es  -  Eoo)  are  given  in  the  2nd 
column.  The  peak  values  of  e"  and  tan5  at  the  highest  frequency,  100  kHz,  obtained 
via  DETA  are  listed  in  the  3rd  and  4th  columns  and  would  be  used  to  predict  the 
heatability  at  2.45  GHz.  in  general,  the  variation  of  tan5  is  relatively  small  compared  to 
the  variations  of  (es  -  e«)  or  e".  Highly  polar  polymers  in  the  upper  half  of  Table  8  had 
dielectric  properties  that  were  a  stronger  function  of  temperature  than  the  lower 
polarity  polymers.  In  the  majority  of  the  cases,  the  a  peak  dielectric  loss  was  higher 
than  the  {3  dielectric  loss,  although  the  reverse  was  true  for  poly  (methyl  methacrylate) 
and  a  few  other  examples.  On  this  basis,  the  use  of  low  frequency  response  of 
dielectric  properties  for  prediction  of  behavior  at  microwave  frequencies  appears 
appropriate. 
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From  Table  8,  it  is  proposed  that  the  value  of  [e%  -  e«)  for  polymer  depended  on 
several  factors  that  can  be  used  for  advanced  processing  methods.  These  are: 

(A)  Group  dipole  moments:  Dielectric  loss  depends  on  the  chemical  constitution 
of  polymers.  It  mimics  the  trend  of  polarity  of  small  model  molecules,  but  other  factors 
matter. 

(B)  Mole  percentage  of  oolar  groups:  The  dielectric  properties  of  a  copolymer 
chain  composed  of  different  randomly  alternating  monomeric  units  depended  on  the 
constitution  of  the  monomeric  units  and  on  their  ratio.  The  oscillator  strength  of  the 
dielectric  transition  (ss  ■  £«.)  and  s"  were  found  to  rise  monotonically  with  increasing 
content  of  the  polar  component.  Dilution  of  the  polar  components  in  a  acrylonitrile- 
butadiene  copolymer  caused  the  maximum  e"  to  decrease  with  Increasing  butadiene 
content  as  demonstrated  in  a  comparison  of  dielectric  spectra  given  In  Rgure  9. 
Additionally,  the  effect  of  mole  percentage  of  polar  groups  were  also  observed  as  a 
functions  of  (a)  %  of  -CONH  (amide)  group  in  different  nylons;  (b)  %  of  -Cl  (chloride) 
group  in  poIy(vinyl  chloride)  and  polychloroprene;  (c)  %  of  -COOR  (ester)  group  in 
poly(methacrylates).  On  the  cool  side  of  the  maximum  dielectric  constant,  change  with 
the  effect  of  increasing  temperature  on  the  value  of  (ss  -  ej)  is  less  important.  Beyond 
the  transition  region,  (ss  -  e«)  decreased  with  increasing  temperature.  This 
phenomenon  can  be  explained  by  referring  to  Equation  8  where  the  dielectric  constant 
is  seen  to  decrease  with  increasing  temperature.  The  differences  between  the 
maximum  and  minimum  dielectric  constants,  (ss  -  £«)  are  listed  in  the  2nd  column  of 
Table  8.  These  DETA  results  will  be  used  to  correlate  the  heating  behavior  in  the 
microwave  field, 

(C)  Hvrirnnen  bonding:  In  nylons,  the  dielectric  properties  are  mainly  determined 
by  inter-molecular  and  intra-molecular  hydrogen  bonding.  At  the  glass  transition 
temperature,  especially,  hydrogen  bonds  must  be  broken  to  allow  for  large-scale 
motions  of  the  chains.  This  results  in  larger  values  of  (es  -  £«). 

(D)  Chemical  structure:  The  nature  of  the  dielectric  properties  is  dependent  to  a 
great  extent  not  only  on  the  mole  percentage  of  polar  groups,  but  also  on  their  position 
in  the  polymer  chain.  Polar  groups  in  the  main  chain  are  far  less  mobile  than  those  in 
side  chains.  In  PVAc,  the  ester  group  is  on  the  side  chain,  whereas  in  PET,  the  ester 
group  Is  in  the  backbone  polymer  chain.  Contributions  to  the  loss  by  the  effective 
dipole  moment  of  the  polar  group  is  stronger  comparatively  in  the  first  case  than  In  the 
second.  Additionally,  polyvinyl  esters,  where  the  side  group  is  linked  to  the  main 
backbone  chain  by  polar  C-0  bonds,  has  a  dielectric  glass  transition  more  intense 
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than  that  observed  for  acrylates  and  methacrylates,  where  the  linkage  Is  an  acolar  C-C 
bond. 

(E)  Steric  effects:  Steric  hindrance  provided  by  the  a-methyl  group  was  essential 
for  the  occurrence  of  the  p  dielectric  loss  maximum  in  PMMA.  Tne  a-methyl  groups 
maintain  the  chain  backbone  as  essentially  rigid  while  the  -COCH3  group  undergoes 
hindered  rotation,  so  that  the  a  and  p  peaks  were  resolved  for  PMMA  at  frequendes 
below  1  kHz.  Steric  effects  can  also  affect  percentage  crystallinity  and  chain  mobility. 

(F)  Percentage  of  cn/stallinitv:  Increased  crystallinity  tends  to  decrease  the 
magnitude  of  the  dielectric  loss  as  well  as  increase  the  temperature  of  maximum 
dielectric  loss  at  a  given  frequency. 

(G)  Crns.glinkina  density:  Any  crosslinking  of  polymers  decreases  segmental 
mobility  and  increases  the  relaxation  times  of  the  dipole-segmental  loss.  The 
temperature  and  magnitude  dependence  of  the  dielectric  loss  is  determined  by  the 
density  of  the  crossiinking. 

(H)  Physical  state:  The  effect  of  physical  state  of  polymers  can  be  illustrated  by 
the  values  of  dielectric  constant.  For  example,  although  the  percentage  of  -Cl  group  in 
polyvinyl  chloride  is  greater  than  that  in  polychloroprene,  at  room  temperature  the 
dielectric  constant  of  polychloroprene  is  higher  than  that  of  PVC.  A  room  temperature, 
polychloroprene  is  in  its  rubbery  state;  therefore  the  chain  segments  can  move  freely, 
so  that  the  high  value  of  s'  is  related  to  the  dipole  orientation  polarization  of  the  chain 
segments.  PVC  at  room  temperature  is  in  the  glassy  state,  its  chain  segment  mobility 
is  limited,  and  the  dipole  orientation  polarization  comes  only  from  the  movement  of  the 
polar  group. itself.  At  sufficiently  high  temperatures,  PVC  will  transform  to  the  rubbery 
state,  and  its  dielectric  constant  will  eventually  be  larger  than  that  for  polychloroprene. 

Other  factors  such  as  stereochemical  structure,  branching,  and  orientation  also 
influence  the  effective  dipole  moment. 

MICROWAVE  EXPERIMENTAL  RESULTS 

On  the  basis  of  the  sun/ey  of  dielectric  properties  of  numerous  polymeric 
materials,  a  limited  set  of  materials  was  selected  for  examination  of  heating  and 
curing  behaviors  with  applied  microwave  radiation.  These  materials  consisted  of 
ethylene/vinyl  acetate  copolymers  varying  in  percent  vinyl  acetate  and  nitrile  rubbers 
varying  in  percent  nitrile  content.  Through  the  addition  of  dicumyl  peroxide,  these 
nitrile  rubbers  were  also  examined  for  the  influence  of  crosslinking  upon  microwave 
curing  behavior.  These  materials  were  selected  as  they  provided  the  appropriate 
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chemical  and  physical  structures  necessary  to  test  the  hypotheses  presented  in  the 
above  discussion. 

Experiments  were  first  conducted  with  ethylene/vinyl  acetate  aipolymers.  Due  to 
the  rionpolarity  of  PE,  the  cylindrical  cavity  applicator  was  used  to  process  PE'PVAc 
copolymers  of  four  different  percentages  of  vinyl  acetate  (0, 18, 28  and  33%).  In 
Rgure  10,  a  typical  time-temperature  profile  for  the  PE/PVAc  copolymers,  PE  and  the 
silicone  flexible  mold  is  displayed.  The  input  power  was  fixed  at  20  watts.  In  the  first 
1 .5  min.,  the  temperature  rase  at  almost  the  same  rate  for  all  polymers.  Beyond  1.S 
min.,  the  temperature  increments  became  greater  for  the  copolymers  having  a  higher 
percentage  of  acetate.  Thus,  in  the  first  1.5  min.,  the  temperature  increment  was  due 
to  the  heating  of  the  silicone  mold.  The  heat  flowed  from  silicone  mold  to  the  PE/PVAc 
copolymer  specimen  via  thermal  conduction  at  temperatures  below  65*^0,  the  critical 
temperature,  Tc,  of  PVAc.  Above  the  Tc  of  PVAc,  the  PVAc  absorbed  microwave 
energy  because  the  dielectric  loss  factor  of  PVAc  was  higher  than  that  of  the  silicone 
mold.  The  temperature  variation  of  PE  in  the  silicone  mold  was  almost  the  same  as 
the  empty  silicone  mold  reflecting  the  low  dielectric  loss  of  PE.  Thus,  the  final 
temperature  obtained  depended  on  the  mole  percentage  of  the  polar  PVAc. 

A  second  series  examined  was  the  nitrile  rubbers  with  different  contents  of 
acrylonitrile  (19,  30  and  40%).  Microwave  curing  reactions  of  nitrile  rubbers  with  2% 
dicumyl  peroxide  were  carried  out  at  an  input  power  of  50  watts  in  the  traveling  wave 
applicator.  Accurate  input,  reflected  and  transmitted  powers  were  obtained  by 
completely  calibrating  each  set  of  attenuators  and  cables.  In  Figure  11,  these  three 
power  readings  are  plotted  versus  time  for  the  nitrile  rubbers.  The  input  powers,  Pj,  of 
50  watts  remained  unchanged  with  time.  The  transmitted  powers,  Pt  were  constant 
only  until  the  sample  began  to  heat  rapidly  where  Pi  decreased  and  leveled  off.  The 
reflected  powers,  Pf,  were  also  constant  initially,  but  increased  and  then  leveled  off 
once  the  sample  began  heating  rapidly.  Increasing  the  acrylonitrile  content  from  19% 
to  40%  resulted  in  the  overall  decrease  in  transmitted  power  and  an  increase  in 
reflected  power.  This  indicated  that  the  energy  absorbed  by  the  nitrile  rubber 
increased  with  the  acrylonitrile  content. 

The  microwave  curing  reactions  of  30%  acrylonitrile  nitrile  rubber  with  2% 
dicumyl  peroxide  were  also  carried  out  at  three  different  constant  input  power  levels 
(40,  50  &  60  watts).  The  transmitted  powers,  Pt  were  constant  only  until  the  sample 
began  to  heat  rapidly  then  Pt  decreased  and  finally  levelled  off.  The  reflected  powers, 
Pf,  also  were  constant  initially,  but  increased  and  then  became  constant  once  the 
sample  began  heating  rapidly.  At  the  same  time,  reflected  powers,  Pf,  increased  to 
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higher  values.  Temperature  and  heating  rate  versus  time  curves  for  these  materials  is 
presented  in  Rgure  12.  Tnis  plot  reveals  the  differential  absorption  of  the  nitrile 
rubbers  to  the  microwave  radiation  under  constant  input  power.  Here,  the  steeper  the 
slope;  the  shorter  the  processing  time.  Similarly,  the  power  absorption  and  the  power 
absorption  rats  versus  time  is  depicted  in  Rgure  13.  The  plateau  of  temperature  and 
power  absorption,  Pa,  in  Rgures  12  or  13,  increased  when  the  acrylonitrile  content 
was  increased  from  19%  to  40%.  The  same  trend  was  seen  when  the  input  power 
was  increased  from  40  to  60  watts  vide  infra.  In  addition,  the  maximum  rate  of  power 
absorption,  or  rate  of  heating,  was  shifted  to  shorter  times.  The  loss  tangent  value  in 
cured  oibber  was  found  to  be  less  than  the  loss  tangent  value  of  the  uncured  rubber. 
This  can  be  explained  by  examining  the  loss  tangent  DETA  spectra.  Since  heating 
rate  is  proportional  to  the  magnitude  of  the  dielectric  loss,  as  shown  in  Equation  2,  it 
was  expected  that  the  uncured  nitrile  rubber  would  heat  faster.  The  effective  dipole 
moment  motion  associated  with  energy  loss  caused  by  thermal  motion  of  polar  groups 
decreases  with  crosslinking.  Since  the  polar  -CN  group  was  not  involved  in  curing, 
the  dipolar  relaxation  of  the  cured  rubber  did  not  disappear  completely  so  that  the 
sample  could  be  heated  and  maintained  at  a  high  temperature  by  the  appropriate 
input  power.  Indeed,  the  power  absorption  curve  increased  to  a  maximum  and  then 
decreased  to  a  plateau.  This  suggested  that  the  microwave  energy  absorbed  by  the 
sample  was  in  equilibrium  with  the  energy  conducted  away  from  the  sample.  Thus, 
the  dielectric  loss  factor  became  fixed  by  thermal  equilibrium  processes. 

The  variation  of  power  absorption  and  power  absorption  rate  with  temperature  for 
the  three  different  nitrile  rubbers  is  displayed  in  Figure  14.  Power  absorption 
increased  continuously  with  increasing  temperature,  but  then  decreased  due  to  the 
chemical  crosslinking  which  induced  a  strong  viscosity  effect  which  consequently 
hindered  dipolar  relaxation.  These  results  were  due  to  the  polar  acrylonitrile  group 
absorbing  energy  by  interacting  with  the  microwave  field  which  then  heated  up  the 
whole  of  the  mass  to  be  crosslinked.  As  a  result  of  the  increasing  temperature,  the 
crosslinking  peroxide  decomposed  thereby  generating  a  network  so  that  the  heating 
rate  decreased  eventually  due  to  restricted  mobility  . 

The  variations  of  temperature  and  heating  rate  with  time  for  three  input  powers 
are  given  in  Figure  15.  This  plot  reveals  the  effect  of  increasing  field  strength  at 
constant  composition,  i.e.,  greater  field  strengths,  greater  heating  rates,  shorter 
prooessing  times.  Here,  an  interesting  phenomenon  was  revealed;  all  three  maximum 
points  of  heating  rate  vs.  time  plots  intersected  at  about  140°C  on  their  respective 
temperature  curves.  The  exothermic  curing  reaction  of  dioumyl  peroxide  might  be 
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responsible  for  such  behavior.  However,  the  same  phenomenon  occurred  when  nitrile 
rubber  (30%  ACN)  without  dicumyl  peroxide  was  examined,  as  shown  In  Rgurs  16. 
Another  hypothesis  for  this  behavior  involves  a  transition  temperature  In  the  2.45  C3Hz 
region.  At  the  maximum  value  of  s",  the  heating  rate  is  at  a  maximum  and 
subsequently  decreases  with  the  decreasing  value  of  e". 

The  plot  of  heating  rate  vs.  temperature  for  nitrile  rubber  containing  2%  dicumyl 
peroxide  is  presented  in  Figure  1 7.  As  discussed  previously,  the  heating  rate  was 
found  to  be  proportional  to  the  dielectric  loss  footer,  as  other  factois  remained 
constant  (Equation  2).  The  plot  of  heating  rate  vs.  temperature  at  2.45  GHz  looked 
remarkably  similar  to  a  typical  DETA  experiment.  By  drawing  tangents  to  the  "cool 
sides"  of  the  heating  rate  vs.  temperature  curves,  three  intercept  temperatures  were 
obtained.  The  intercept  temperature  for  any  curve  identified  with  the  "critical 
temperature  of  dielectric  loss".  The  critical  temperatures  for  these  three  curves  were 
determined  to  be  between  40  and  45^C.  The  critical  temperature  gives  a  good 
indication  of  the  point  at  which  the  dielectric  loss  factor,  e",  increases  significantly  on 
heating.  In  other  words,  the  tailing  of  the  dielectric  relaxation  spectra  occurred  near 
room  temperature.  In  order  to  verify  this  resultt,  various  starting  temperatures  for  the 
examination  of  19%  acrylonitrile  nitrile  rubber  were  induced  by  externally  heating  on 
the  waveguide  via  a  strip  heater,  as  shown  in  Rgure  5.  The  sample  temperature  vs. 
time  for  three  different  starting  temperatures,  2S®C,  42°C  and  SrC,  are  displayed  in 
Figure  1 8.  The  input  power  was  fixed  at  20.5  watts.  The  heating  rate  and  the  final 
plateau  temperatures  increased  significantly  at  the  higher  starting  temperatures.  This 
indicated  that  the  dielectric  loss  dipole  dispersion  had  increased  with  increasing 
temperature  Into  the  dielectric  loss  region  between  room  temperature  and  51  °C. 

CONCLUSIONS 

The  area  beneath  the  dielectric  loss  factor-frequency  plot  was  proprtional  to  (ss  - 
e«)  as  shown  by  Equation  9,  and  remained  unchanged  during  the  merging  of  the  a  and 
b  relaxations.  The  use  of  DETA  provided  an  easy  evaluation  of  heatibility  through  the 
assessing  the  magnitude  of  (sj  -  Soo).  The  value  of  (es  -  e«)  should  be  used  together 
with  the  distribution  of  relaxation  times  and  activation  energies  to  predict  the 
heatability  for  microwave  power  processing.  In  order  to  relate  the  stnjcture-property 
relationships  to  the  values  of  (ss  -  e«,)  and  chemical  and  morphological  structures,  It 
was  useful  to  examine  the  relationship  between  the  dielectric  constants  of  polymers 
and  the  effective  dipole  moments.  In  considering  effective  dipole  moments,  it  was 
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appropriate  to  use  group  moments  instead  of  bond  moments.  The  polarity  follows  the 
sequence  of  group  dipole  moment  as: 

SCz  >  CONH  >  CN  >  C=0  >  Cl  >  CO2R  >  0  >  C03>  C-C. 

The  highly  polar -CN  group  in  nitrile  rubbers  induced  a  large  dipolar  relaxation  of 
main  chain  motions  at  the  glass  transition  region.  From  the  value  of  glass  transition 
temperature  obtained  by  DMTA,  DETA,  and  microwave  calorimetry,  the  'cool  side'  tail 
of  the  dielectric  loss  spectra  was  found  to  extend  into  the  room  temperature  regime  at 
2.45  GHz.  Nitrile  rubbers  can  be  easily  heated  starting  at  room  temperature.  After  an 
initial  absorption  of  microwave  energy,  the  temperature  rise  caused  the  dielectric  loss 
factor  to  increase  which,  in  turn,  resulted  in  a  further  temperature  increase,  and  so  on. 
The  heating  rate  was  found  to  depend  on  several  factors:  (1)  the  glass  transition 
temperature  of  nitrile  rubber,  (2)  the  percentage  of  acrylonitrile  and  (3)  the  extent  of 
curing.  The  higher  the  content  of  acrylonitrile,  the  better  will  be  the  heatability  of  the 
nitrile  rubber.  However,  the  glass  transition  of  the  nitrile  rubber  would  be  higher,  too. 
These  two  effects  therefore  lead  to  the  heating  rate  being  essentially  independent  of 
the  acrylonitrile  content  which  is  between  19%  to  40%. 

In  order  to  avoid  trial-and-error  experiments  in  microwave  processing,  it  is 
necessary  to  obtain  direct  and  meaningful  information  about  dielectric  constant, 
dielectric  loss  factor  and/or  loss  tangent  as  a  function  of  temperature  and  the  degree  of 
curing  for  crosslinking  systems  at  2.45  GHz.  Interpretation  of  these  dielectric 
properties  usually  requires  information  from  a  wide  frequency  and/or  temperature 
range.  Therefore,  in  these  experiments  where  a  sufficient  range  of  frequencies  was 
examined,  a  WLF  plot  was  used  to  predict  the  shift  of  dielectric  loss  factor  into  or  out  of 
th  emicrowave  frequency  range. 

The  temperature  dependence  of  loss  peaks,  in  general,  follows  the  well  known 
WLF  equation  for  viscosity  and  viscoelasticity  in  polymeric  and  some  nonpolymeric 
liquids.  The  applicability  of  this  viscoelastic  function  to  dielectric  relaxation  data 
suggests  that  the  temperature  dependence  of  the  molecular  friction  coefficient  is 
common  to  mechanical  and  dielectric-relaxation  processes.  The  glass  transition 
temperatures  at  lower  frequencies  were  obtained  from  DMTA  and  DETA  spectra  and 
are  summarized  in  Tables  4  and  5.  The  glass  transition  temperature  at  2.45  GHz  was 
obtained  from  the  temperature  at  the  maximum  heating  rate.  In  a  typical  WLF 
treatment,  Rgure  19  shows  the  plot  of  the  logarithm  of  the  frequency  versus  the 
reciprocal  of  absolute  temperature.  All  a  transitions  fell  on  the  curve,  indicating  a 


129 


continuously  changing  activation  energy  wth  temperature,  as  is  expected  for 
polymeric  materials.  A  unique  characteristic  of  microwave  curing  that  vires  taken 
advantage  of  in  this  research  vires  that  microwaves  penetrate  the  whole  mass 
Instaiitaneously  so  that  thermal  peroxide  decomposition  starts  In  every  point  of  the 
polymer  simulteneously,  avoiding  thermal  gradients  from  conduction.  The  heating 
process  can  be  turned  on  or  off  Instantaneously  and  therefore  curing  vires  controlled 
more  acxjurately  than  in  conventional  thermal  methods.  Tremendous  eneiiy  savings 
can  be  realized  by  heating  only  selected  regions  of  the  material  with  micravireve 
radiation. 
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Table  1 

Dipole  moments  of  small  model  molecules  (9) 


Formula 

Compound  Name 

>D 

State 

S 

CH4N2O 

Urea 

4.56 

D 

C2HQO2S 

Dimethyl  sulfone 

4.47 

gas 

4.25 

5 

C3H4O2 

0-Proplolactone 

4.18 

gas 

3.85 

5 

C2H5NO 

Acetamide 

3.44-3.90 

B 

3.60-3.92 

D 

C2H3N 

Acetonitrile 

3.92-4.01 

gas 

3.14-3.54 

B 

C3H3N 

Acrylonitrile 

3.89-3.91 

gas 

3.54 

B 

C3H5N0 

Ethyl  isocyanate 

2.84 

B 

C3H6O 

Acetone 

2.80-2.97 

gas 

2.40-2.83 

B 

C4H6O 

Cyciobutanone 

2.76 

B 

C3H3O3 

Glycerol 

2.56,2.68 

D 

C2Hg02 

Ethylene  glycol 

2.27 

gas 

1.5-2.30 

B 

2.28-2.40 

D 

C3H10N2 

1,3-Diamlnopropane 

1.96 

B 

C2H4CI2 

1,1-Dichloroethane 

2.07-2.63 

gas 

1 .8-2.0 

B 

CH3CI 

Chloromethane 

1.66-2.02 

gas 

1.69,1.88 

B 

CH4O 

Methanol 

1.61-1.71 

gas 

1.60-1.78 

B 

1.86-1.93 

D 

C3Hg02 

Methyl  acetate 

1.68-1.71 

gas 

1.45-1.75 

B 

C2H4O2 

Acetic  acid 

1.4-1.75 

gas 

0.74-1.64 

B 

1.76 

D 

CHgN 

Methyl  amine 

1.00-1.34 

gas 

1.47 

B 

CgHgO 

Methyl  ether 

1.29-1.33 

gas 

1.25 

B 

CgHgOg 

Dimethyl  carbonate 

0.87-1.01 

gas 

0.82-1.07 

B 

S:  Solvent,  B:  Benzene,  D:  DIoxane 
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Table  2 

Dipole  moments  of  small  model  molecules  (9) 
Formula  Compound  Name  jlTo  State - T 


C3H8N20 

1 ,3-Dimethyl  urea 

^4^1002$ 

Diethyl  sulfone 

C4HSO2 

g-Butyrolactone 

C3H7NO 

Propionamide 

C3H5N 

Propionitrile 

C4H8O 

2'Butanone 

CsHaO 

Cyciopentanone 

C4H10O3 

Diethylene  glycol 

C3H8O2 

1,3-Propanedlal 

C4H 1 2N2 

1,4-Butan6diamine 

C3H5CI2 

1,2*Dichloropropane 
1 ,3-Dichloropropane 

C2H5CI 

Chloroethane 

CsHgO 

Ethanol 

C4H8O2 

Ethyl  acetate 

Methyl  propionate 

C3Hg02 

Propionic  acid 

C2H7N 

Ethyl  amine 

C3H3O 

Methyl  ethyl  ether 

C4H1QO 

Ethyl  ether 

Diethyl  carbonate 

5.1 

B 

4.6, 4.8 

D 

4.44,4.50 

B 

3.82-4.15 

B 

3.30,3.47 

B 

3.85 

D 

4.02-4.06 

gas 

3.37-3.69 

B 

2.5-2.82 

B 

3.30 

gas 

2.86-3.03 

B 

2.69 

D 

2.37-2.52 

D 

1.95,2.35 

6 

1.46-1.68 

gas 

1.87 

B 

2.09 

gas 

2.09,2.10 

B 

1.76-2.09 

gas 

2.0 

B 

1.1-1.7 

gas 

1.67-1.80 

B 

1.78 

gas 

1.50-1.88 

B 

1.70 

B 

1.76 

gas 

0.63-1.69 

6 

1.51-1.77 

D 

1.00-1.22 

gas 

1.28-1.40 

B 

1.22 

gas 

1.0-1.19 

gas 

0.74-1.53 

B 

1.07 

gas 

0.91-1.05 

B 

S;  Solvent,  B:  Benzene,  D:  Dioxane 
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Table  3 

Thermal  properties,  sources,  and  sample  preparation  In  a  platten  press® 


Polymer 

"a 

Press 

Temp. 

“C 

Pressure 
X 10-3  lb 

Source 

ThicRb 

mm 

Polysulfone 

190 

245 

10 

SP2 

0.36 

Nylons 

63 

229 

230 

3 

Polysdences 

0.30 

Nylon612 

46 

210 

3 

SP2 

0.30 

Nylon12 

37 

178 

185 

3 

SP2 

0.30 

NylonSe 

45 

254 

SP2 

NBR455(40%ACN) 

-19 

BF  Goodrich 

NBR355(30%ACN) 

-31 

BF  Goodrich 

N3R210{19%ACN) 

-50 

BF  Goodrich 

SAN 

101 

155 

10 

Union  Carbide 

0.28 

PVC 

85 

145 

12 

Polysciences 

0.83 

Polychloroprene 

-48 

115 

115 

4 

SP2 

0.46 

FVAc 

30 

71 

10 

Aldrich 

0.40 

PMMA 

105 

180 

8 

Inland  Leidy 

0.46 

PEMA 

66 

115 

10 

Inland  Leidy 

0.46 

PSMA 

20 

85 

10 

Aldrich 

0.46 

Polycaprolactone 

-60 

60 

Polysdences 

PET 

81 

260 

265 

3 

SP2 

0.27 

PEEK- 

150 

334 

340 

10 

ICI 

0.32 

Polyacetal 

-30 

180 

180 

3 

Aldrich 

0.29 

PPO 

210 

268 

275 

4 

SP2 

0.42 

PC 

150 

267 

270 

3 

SP2 

0.23 

SBR 

110 

10 

Polysdences 

0.45 

'SP2;  Scientific  Polymer  Products 

a)  Pasadena  Hydraulics,  Inc.  model  number  P210C 

b)  Sample  thickness 


Table  4 

Temperatures  at  the  maximum  peaks  of  the  loss  tangent 
of  nitrile  rubber  at  various  frequendes  from  DETA  spectra 


rifted  nitrile  mbt 
Without  curing 


O^-tkHz 

acrvlonitrilf 

-9 


imiZ  IQOkHz 


nnsd  nitrife  njbber  arn/inp;|pt. 
Without  curing  -1 4. 

w/2%  DICUP  w/o  curing  -13 
w/2%  DICUP*  -1 


ELimied  nitnle  mbber  fl<i%  acrvhnitrii< 
Without  curing  -26 

w/2%  DICUP  w/o  curing  -26 
w/2%  DICUP*  -7 

Thermally  cured  at  150‘’C  for  2.5hr 
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<0  N.  00 


Tables 

Temperatures  at  the  maximum  peaks  of  the  loss  moduli  of  30% 
acrylonitrile  nitrile  rubber*  at  various  frequendes  fttsm  DMTA  spectra 


IHz 

3H2 

mHz 

mHz 

Without  curing 

(G")  (Shear)  -24 

-22 

-20 

-17 

-15 

Microvrave  cured  at  38  watts 

ftDf  30min  (tanS)  (bending)  -21 

-19 

-17 

-15 

-12 

■ 

*  Purified  nitrile  rubber  (30%  acrylonitrile)  with  2%  dicumyl  peroxide 
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Tables 

Tg's  from  0.1  kHz  to  100  KHz  for  several  polymers 


Polymer 

102H2 

lO^Hz 

lO^Hz 

IQSHz 

Remark 

Polysulfone 

203 

20S 

215 

224 

Nylons 

75 

80 

85 

93 

Q  In  ice  water 

72 

77 

83 

91 

Q  In  press 

Nylon612 

66 

70 

76 

87 

Q  in  Ice  water 

Nylon12 

58 

62 

70 

82 

Q  in  ice  water 

NylonSS 

79 

84 

87 

96 

Q  in  ice  water 

NBR455(40%ACN) 

-9 

-2 

5 

14 

NBR355{30%ACN) 

-14 

-10 

-4 

6 

NBR210(19%ACN) 

• 

CD 

-22 

-15 

-5 

SAN 

123 

131 

141 

153 

PVC 

100 

105 

111 

120 

Polychloroprene 

-18 

-14 

-7 

0 

PVAc 

59 

67 

77 

90 

PMMA 

90 

129 

145 

Partially  merge 

PEMA 

83 

95 

110 

129 

a  &  b  merge 

PBMA 

52 

66 

81 

102 

a  &  b  merge 

PET 

92 

98 

105 

111 

Q  in  ice  water 

96 

105 

112 

121 

Q  in  press 

PEEK 

152 

156 

161 

165 

Q  in  ice  water 

166 

168 

174 

182 

Cooled  in  DETA 

BID  A/APB 

225 

235 

246 

Nondoped  imide 

219 

229 

241 

Doped  Polyimide 

Polyacetal 

-55' 

-44 

-35 

-27 

Q  in  press 

PRO 

219 

228 

238 

251 

Q  in  ice  water 

220 

232 

239 

251 

Q  in  press 

PC 

163 

168 

174 

182 

Q  in  ice  water 

163 

168 

174 

182 

Q  in  press 

SSR 

78 

88 

99 
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Table  7 

Thermal  properties  and  the  apparent  acdvation  enei^les  for  several  polymers 


Polymer 

**  a 

o 

VO 

Ea* 

Ea# 

Remark 

Polysulfone 

190 

570 

640 

Nylons 

63 

229 

370 

410 

Q  in  Ice  water 

350 

380 

Q  in  press 

Nylon612 

46 

270 

320 

Q  in  ice  \«^ter 

NyIon12 

37 

178 

230 

270 

Q  in  ice  water 

NylonSS 

45 

254 

390 

440 

Q  in  ice  water 

NBR455(40%ACN) 

-19 

185 

190 

NSR355(30%ACN) 

-31 

170 

200 

NBR210(19%ACN) 

-50 

150 

175 

SAN 

101 

300 

320 

PVC 

85 

380 

420 

Polychloroprene 

-48 

190 

220 

PVAc 

30 

210 

220 

PMMA 

105 

100 

Partially  merge 

PEMA 

66 

170 

200 

a  &  b  merge 

PBMA 

20 

130 

140 

a  &  b  merge 

PET 

81 

260 

420 

420 

Q  In  Ice  water 

350 

340 

Q  In  press 

PEEK 

150 

334 

790 

810 

Q  in  ice  water 

550 

Cooled  in  D6TA 

BTDA/APB 

470 

Nondoped  Imide 

440 

Doped  Polyimide 

Polyacetal 

-30 

180 

130 

110 

Q  in  press 

PRO 

210 

268 

430 

460 

Q  in  ice  water 

520 

490 

Q  In  press 

PC 

150 

267 

550  • 

600 

Q  in  ice  water 

550 

600 

Q  in  press 

SBR 

240 

Ea  (kJ/mole)  calculated  from  a)  *1, 10  &  100  kHz  or  b)#  0.1, 1, 10  a  100  kHz 
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Table  3 

Dielectric  properties  at  100  kHz  for  several  polymers 


Polymer 

(es-e«) 

p" 

max 

tanSmax 

Remark 

Polysulfone 

4.30 

1.69 

0.282 

Nylons 

9.60 

1.41 

0.184 

Q  In  ice  water 

7.38 

1.31 

0.198 

Q  in  press 

Nylon612 

6.72 

0.75 

0.147 

Q  In  ice  water 

Nylon12 

6.72 

0.86 

0.177 

Q  In  Ice  water 

NylonSS 

4.80 

0.60 

0.120 

Q  In  ice  water 

NBR455(40%ACN) 

14.60 

5.56 

0.425 

NBR355(30%ACN) 

10.40 

3.52 

0.346 

NBR210(19%ACN) 

5.60 

1.68 

0.269 

SAN 

5.25 

1.59 

0.269 

PVC 

5.60 

1.20 

0.186 

Polychloroprene 

3.45 

0.99 

0.185 

FVAc 

5.00 

1.60 

0.261 

PMMA 

2.25 

0.52 

0.128 

a  &  b  merge 

PEMA 

1.60 

0.51 

0.137 

a  &  b  merge 

FSMA 

1.50 

0.49 

0.127 

a  &  b  merge 

PET 

2.60 

0.27 

0.066 

Q  in  Ice  water 

1.40 

0.08 

0.024 

Q  In  press 

PEEK 

0.85 

0.22 

0.064 

Q  in  Ice  water 

0.85 

0.06 

0.022 

Cooled  in  DETA 

BTDA/APB 

1.55 

0.17 

0.058 

Nondoped  imide 

0.75 

0.10 

0.034 

Doped  Polyimide 

Folyacetal 

0.65 

0.07 

0.029 

Q  in  press 

PFO 

0.50 

0.01 

0.005 

Q  in  ice  water 

0.20 

0.01 

0.004 

Q  in  press 

PC 

1.15 

0.08 

0.027 

Q  in  ice  water 

1.10 

0.07 

0.027 

Q  in  press 

S3R 

0.20 

0.01 

0.005 
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Figure  1. 

Schematic  diagram  of  the  dielectric  spectrum  for  a  polar  molecule 


Dielectric  constant/  Dielectric  loss 


Temperature 


Rgure  2. 

Schematic  representation  of  the  dielectric  behavior  of 
polar  polymers  at  various  frequencies 
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Fioiaional  Croup  Dipole  Moment  (Debye) 
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Isocyanate 

2-3 

0 

H 

Ketone 

2-3 

— a 

Qiloride 

1-2 

— OH 

Hydroxy 

1-2 

0 

ii 

— -C— 0— R 

Ester 

1-2 

0 
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- C-0— H 

Add 

1-2 

— NH, 

Amine 

1-2 

0 
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-1 

li 

- 0— C— 0 — 

Carbonate 

-1 

Rgure  4. 

The  polarity  of  group  dipole  moments 
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Temperature  dependence  of  the  dielectric  constant  and  the  dielectric  loss  factor  of  polysulfone  at  various  frequencies 


Rgure  9. 

Comparison  of  temperature  dependences  of  the  dielectric  loss  factors  for  nitrile 
rubbers  (40, 30  &  19%  acrylonitrile  content;  top,  middle  Bl  bottom, 
respectively)  at  ^|§ous  frequencies 


Tempera  tiire, 


ZOQH 


Rgure  10. 

Variation  of  the  temperature  of  ethylene/vinyl  acetate  copolymers  and  silicone  mold 
with  time  in  the  center  of  TEm  mode  of  a  cylinderical 
cavity  applicator;  Input  power  was  20  W 
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Rgurell. 

Variation  of  the  Input,  transmitted  and  reflected  powers  with  time  for  nitrile  rubbers  (40, 
30  &  19%  acrylonib’ile  content)  with  2%  w/w  dicumyl 
peroxide  In  a  travelling  wave  applicator 
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. .  .  .  Rgure  12. 

ariation  of  the  temperatures  ai^  heating  rates  with  time  for  nitrile  rubbers  (40,  30  & 
19/o  acrylonifrile  content)  with  2%  w/w  dicumyl 
peroxide  in  a  travelling  wave  applicator 
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Differenlial  Temp.,  A^C/min 


Power  Absorption, 


time,  min 


Rgure  13. 

Variation  of  the  power  absorptions  and  power  absorption  rates  with  time  for  nitrile 
rubbers  (40,  30  &  19%  acrylonitrile  content)  with  2%  w/w  dicumyl 
peroxide  in  a  travelling  wave  applicator 
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travelling  wave  applicator 


in  a 
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Differential  Pahs,  Aw/min 


,  min 


re  15. 

I  rate  with  time  for  30%  acrylonitrile  nitri 
:ide  tn  the  traveling  wave  applicator 


Temperature, 


Differential  Temp.,  A°C/mi 


DifferenUal  Temp.,  A**C/min 


Rgure  17. 

Variation  of  theheating  rate  with  temperature  for  30%  acrylonitrile  nitrile  rubber  with 
2%  w/w  dlcumyl  peroxide  in  the  traveling  wave  applicator 
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Temperature, 


Q  J 


Rgure  18. 

Variation  of  the  temperature  with  time  for  1 9%  acrylonitrile  nitrile  rubber  with  2%  w/w 
dicumyl  peroxide  in  the  traveling  wave  applicator;  input  power  was  20.5  W 


I*og(freqnency) 


l/Tmas  •  laao,  °K'' 


Cd'r/!itjia*t=iar'c  2.43  Ga= 


Rgure  19. 

WLF  relationship  for  30%  acrylonitrile  nitrile  rubber  with 
2%  w/w  dicumyl  peroxide  in  the  traveling  wave  applicator 
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THE  DIELECTRIC  BEHAVIOR  OF  GLASSY  AMORPHOUS  POLYMERS 

AT  2.45  GHz 


M.  Chen^  E.  J.  SicchiS,  T.  C.  Ward' and  J.£  McGrath 

NSF  STC:  High  Performanca  Polymeric  Adhesives  and  Composites  and 

Department  of  Chemistry 
Virginia  Polytechnic  Institute  and  State  University 
Blacksburg.  VA  24061-0212 

ABSTRACT 

The  dielectric  behavior  of  glassy  thermoplastic  polymer  in  the  microwave 
frequency  range  was  investigated.  Specifically,  the  relationship  between  energy 
absorption  and  temperature  for  several  thermoplastic  systems  was  examined  to  test 
the  theoretical  basis  for  heating  under  microwave  irradiation.  Irradiation  under 
travelling  and  standing  wave  conditions  were  explored.  The  heating  rate  versus 
temperature  data  at  a  frequency  of  2.45  GHz  yielded  a  microwave  calorirngirv 
procedure  for  examination  of  the  cieleotric  and  relaxation  behaviors.  Correlations 
were  drawn  between  a)  the  apparent  activation  energy  and  the  critical  temperature, 
and  b)  the  shape  of  the  dielectric  spectra  at  2.45  GHz  and  its  shape  in  kHz  region. 
WLF  relationships  were  examined  for  glassy  thermoplastics  to  show  the  difference  in 
changing  activation  energy  with  temperature. 
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INTHOOUCTION 


This  paper  fecuses  on  the  dielectric  behavior  of  glassy  thermoplastics.  For 
thermoplastics  at  room  temperature,  the  dielectric  loss  at  microwave  frequencies 
consists  of  background  loss  as  the  transitians  of  delectric  toss  at  2.45  GHz  are  located 
well  above  room  temperature.  Thus,  the  dielectric  behavior  of  glassy  polymers  at  2.45 
GHz  is  intrinsically  different  from  that  of  rufabeiy  polymers.  Nitrile  rubbers  were  found 
to  have  a  critical  temperature  of  dielectric  loss,  Tc,  vide  infrs  very  close  to  room 
temperature  (1)  and,  therefore,  could  be  heated  easily  from  ambient  Other  examples 
of  materials  which  have  dielectric  toss  behavior  different  from  glassy  polymers  are 
foodstuffs  (2-8)  which  contain  large  amounts  of  water.  Since  water  has  a  high 
dielectric  loss  factor  at  around  room  temperature,  foodstuffs  can  be  heated  rapidly. 

The  goal  of  this  study  was  to  investigate  the  coupling  of  microwave  energy  to  glassy 
thermoplastics  and  to  delineate  the  fundamental  mechanisms  involved.  The 
relationship  between  energy  absorption  and  temperature  for  thermoplastics  requires 
fundamental  clarification.  At  room  temperature,  dielectric  losses  observed  for 
irradiation  of  thermoplastics  at  2,45  GHz  have  their  origins  outside  the  microwave 
region  (7).  Numerous  dielectric  loss  spectra  in  the  lower  frequency  region  can  be 
found  in  the  literature  (8-17),  but  few  as  a  function  of  temperature.  The  effects  of 
sample  temperature  must  not  be  neglected  because  the  shape  and  position  of 
dielectric  loss  spectra  can  be  displaced  into  or  out  the  2.45  GHz  region  with 
appropriate  changes  in  temperature. 

THEORY 

There  are  two  key  equations  that  describe  the  heatabilihy  of  polymers  in  an 
applied  electric  field.  The  total  power  absorbed  is  given  by: 

P  =  KfE2£'tan5  [1] 


where  P  is  the  power  dissipation  in  W/cm^,  K  is  a  constant  equal  to  55.61  x  lO'^  f  is 
the  applied  frequency  in  Hz,  E  is  the  electric  field  strength  in  V/cm,  e’  is  the  dielectric 
constant  and  tan5  is  the  dielectric  toss  tangent.  Both  s'  and  tanS  depend  upon  both  the 
frequency  and  the  sample  temperature.  The  electromagnetic  field  energy  dissipated 
as  heat  per  unit  volume  is  proportional  to  the  dielectric  loss  factor  (e’tanS),  the  square 
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of  tha  field  strength  (£2)  and  the  frecuenc/  (f)  of  the  applied  field.  Tne  heating  rate  is 
given  by: 


dT  KfE\‘(T)tan5rO 
pCv 


[2] 


where  p  is  the  density  of  the  material,  Cv  is  the  specific  heat  and  the  other  variables 
are  as  defined  in  Equation  1.  In  this  discussion,  it  is  assumed  that  influences  upon  the 
heating  rate  due  to  convection,  conduction  and  heats  of  reaction  are  negligible. 

Both  equations  are  functions  of  the  dielectric  properties  of  the  material.  Tne 
dielectric  behavior  of  polar  polymers  at  various  frequencies  are  depicted  schematically 
in  Rgure  1  (16).  Polymers  having  high  molecular  weights  cannot  be  described  with  a 
single  relaxation  time.  The  a  relaxation  peak,  which  is  located  above  the  nominal  Tg 
obtained  by  DSC,  is  associated  with  the  cocperative  motions  of  the  main  chain.  One 
or  more  secondary  relaxation  effects  ((3,  yetc.)  are  associated  with  the  motion  of  side 
groups  or  local  groups  which  may  participate  in  dielectric  loss.  Ionic  conduction,  I,  is 
only  observed  at  low  frequency  and  high  temperature.  The  DC  conductance,  which 
varies  with  a/co  (where  g  is  the  conductivity  and  co  is  the  angular  frequency),  becomes 
negligible  at  microwave  frequencies.  The  activation  energy  of  the  local  chain  motion 
(P  processes)  in  amorphous  systems  Is  smaller  than  that  of  main  chain  cooperative 
motions  (a  processes).  In  other  words,  as  Rgure  1  depicts,  when  frequency  is 
increased  from  low  to  radio  frequencies,  the  p  process  shifts  to  higher  frequencies 
more  rapidly  than  the  a  process.  Therefore,  both  loss  processes  eventually  merge  at 
high  frequencies. 

EXPERIMENTAL 

MATERIALS 

The  sources  for  and  Tg's  of  poly(n-butyl  methacrylate)  (PBMA),  poly(vinyl 
acetate)  (PVAc),  poly(ethyl  methacrylate)  (PEMA),  poly(vinyl  chloride)  (PVC),  styrene 
acrylonitrile  copolymer  (SAN)  and  pGly(m6thyl  methacrylate)  (PMMA)  are  listed  in 
Table  1 .  These  polymers  were  used  without  further  purification,  but  were  vacuum 
dried  at  just  below  their  respective  Tg’s  for  24  hours  immediately  before  use.  Rims 
were  prepared  by  using  a  platten  press  (Pasadena  Hydraulics,  Inc.,  model  number 
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P210C-)a-5-7-20)  in  the  temperature  range  of  40.50''C  above  their  respective  Tg's. 
Tnese  films  were  kept  in  the  desiccator  until  they  were  used  for  OETA,  DMTA  and 
micrawave  experiments. 

THEHMAL  ANALYSIS 

The  calorimetric  responses  of  samples  were  measured  with  a  Du  Pont  Model 
91 2  differential  scanning  calorimeter  (DSC)  in  order  to  ascertain  the  glass  transition 
temperature,  Tg.  For  ambient  work,  nitrogen  was  used  as  the  purge  gas.  Indium  and 
lead  were  used  as  a  calibration  standards  for  temperature  and  energy.  The  scanning 
rate  was  10®C/m{n.  Thermogravimetric  analyses  (TGA)  were  recorded  from  50®C  to 
750®C  at  a  heating  rate  10°C/min  by  a  Du  Pont  model  951.  Air  was  used  as  a  purge 
gas  at  a  flow  rate  of  30  cc/mln. 

GEL  PERMEATION  CHROMATOGRAPHY 

Gel  permeation  chromatography  (GPC)  was  performed  on  a  Waters  150C  GPC. 
To  determine  absolute  molecular  weights,  detection  of  eluites  was  obtained  with  a 
refractive  index  detector  and  a  Viscotek  model  100  differential  viscometer  in  parallel. 
HPLC  grade  THF  was  used  as  the  mobile  phase  at  a  flow  rate  of  1.0  ml/min  with  six 
UltraStyragel  columns  (500A,  10^ A,  10^A,  lO^A,  lOSAand  100A)  in  series.  Twelve 
polystyrene  standards  were  used  to  calibrate  the  molecular  weights  via  the  universal 
calibration  method. 

DISPERSION  SPECTROMETER  SYSTEMS 

Polymer  Laboratory's  Dielectric  Thermal  Analyzer  (DETA)  and  Dynamic 
Mechanical  Thermal  Analyzer  (DMTA)  were  used  to  provide  relaxation  information. 
Dielectric  spectra  from  -150°C  to  above  Tg  were  obtained  via  DETA  at  fixed 
frequencies  of  0.1, 1, 10  &  100  kHz.  Thermal  mechanical  spectra  from  -150®C  to  Tg 
were  studied  by  using  the  DMTA  at  frequencies  of  0.3, 1, 3, 10  and/or  30  Hz.  All 
samples  were  tested  in  the  bending  mode.  The  shifts  of  the  loss  tangent  peaks  with 
frequency  were  used  to  derive  the  apparent  activation  energy  in  each  case. 
Correlations  were  drawn  between  a)  the  apparent  activation  energy  and  the  critical 
temperature,  and  b)  the  shape  of  the  dielectric  spectra  at  2.45  GHz  and  the  shape  in 
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kHz  region.  Rnally,  WLF  relationships  were  examined  for  glassy  thermoplastics  to 
show  the  difference  in  changing  activation  energy  with  temperature. 

MICfiOWAVE  INSTRUMENTATION 

The  details  of  the  experimental  Instnimentation  were  described  previously  for 
the  travelling  wave  applicator  (1).  A  standing  wave  applicator  was  also  used  for 
processing  glassy  thermoplastics.  The  standing  wave  applicator  is  shown  In  Rgure  2. 
The  travelling  wave  applicator  may  be  converted  to  the  standing  wave  applicator  by 
repladng  the  adapter,  directional  coupler  and  termination  load  with  an  adjustable 
sliding  short  fastened  to  the  end  of  the  rectangular  waveguide.  A  stub  tuner  wfth  six 
probes  was  mounted  between  the  adapter  and  the  waveguide.  Samples  in  sheet  form 
were  packed  in  the  center  section  of  the  1/2  inch  inside  diameter  cylindrical  teflon 
sample  holder. 

In  an  ideal  travelling  wave  applicator,  the  wave  only  passes  through  the 
specimen  once.  Thus,  the  electric  field  strength  is  relatively  low  in  the  travelling  mode. 
Since  heating  by  microwave  energy  is  essentially  an  interaction  between  the 
permanent  dipolar  molecules  of  the  material  to  be  heated  and  the  electric  field 
component  of  the  microwave  energy,  travelling  wave  applicators  are  not  suitable  for 
materials  of  low  loss. 

Since  only  one  mode,  TEio,  can  propagate  freely  in  the  rectangular  waveguide, 
the  distribution  of  electric  field  strength  is  related  to  the  peak  of  the  sinusoidal  space 
variation  across  the  width  of  the  waveguide  and  is  located  at  the  center-plane  through 
the  broad  faces.  By  placing  a  sliding  short  at  the  end  of  the  waveguide,  a  standing 
wave  is  obtained.  Thus,  the  superposition  of  the  incident  and  reflected  waves  which 
gives  rise  to  a  standing  wave  pattern  is  created.  The  voltage  maxima  of  the  standing 
wave  would  readily  couple  power  to  the  specimen  because  the  electric  field  strength  is 
high  at  the  maximum.  Indeed,  this  is  sometimes  the  only  way  to  develop  adequate 
coupling  to  low  loss  materials.  Conversely,  the  voltage  minima  would  couple  no 
appreciable  power  to  the  material. 

Fortuning  the  cavity,  the  impedance  mismatch  from  the  generator  to  the  work 
load,  indicated  by  the  intensity  of  reflected  wave,  may  be  used.  The  presence  of  any 
reflected  wave  indicates  a  loss  of  efficiency  in  energy  transfer.  In  order  to  create 
energy  efficiency  with  the  system  working  as  a  tuned  cavity,  the  stub  tuner  was  used  to 
adjust  the  impedance  of  the  work  load  to  a  value  which  the  generator  could  handle. 
Tuned  cavity  systems  use  the  microwave  energy  most  efficiently  because  the  radiation 
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the  generator  is  continuously  raflected  from  the  vralls  of  the  c^ity  and  pass 
through  the  inadiated  material  many  times.  The  standing  wave  pattern  along  the 
direction  of  wrave  propagation  is  very  well  defined  inside  the  waveguide  and  can  be 
monitored  via  the  volt^e  minima.  The  predse  knowledge  of  electromagnetic  field 
configurations  is  necessary  to  place  the  delectric  material  to  be  examined  In  the 
position  of  matomum  electiic  field  far  optimum  transfer  of  the  electromagnetic  eneigy. 
In  the  case  of  standing  waves,  the  points  of  maximum  field  are  also  the  points  of 
maximum  heating  throughout  the  sample  volume. 

RESULTS  AND  DISCUSSION 

THERMAL  ANALYSIS  AND  MOLECULAR  WEIGHT  DETERMINATIONS 

The  glass  transition  temperatures  of  the  polymers  studied  are  shown  in  Table  1. 
Additionally,  the  number  average  molecular  weight,  Mn,  the  weight  average  molecular 
weight,  Mw,  and  the  polydispersity  as  determined  by  the  universal  calibration  method 
are  given.  All  of  these  polymers  had  a  weight  average  molecular  weights  on  the  order 
of  1  g/mole.  The  onset  temperature  for  decomposition  as  measured  by 
thermogravimetric  analysis  (TGA)  is  also  provided.  Microwave  heating  of  these 
polymers  was  carried  out  below  the  onset  of  the  decomposition  temperature  in  all 
cases. 

MICROWAVE  EXPERIMENTAL  RESULTS  AND  THERMAL  SPECTRA  FROM  DETA 

The  variations  of  sample  temperature  with  time  for  PVAc  in  the  travelling  wave 
applicator  is  represented  in  Fgure  3.  The  various  starting  temperatures  were 
approximately  0, 15, 30  or  45  "C  above  Tg  (30“C).  After  the  temperature  had 
equilibrated,  50  watts  of  input  power  was  applied  to  the  system.  The  temperature  rise 
produced  after  20  minutes  of  processing  was  minute  even  at  45’C  above  the  Tg  of 
PVAc.  This  was  due  to  the  fact  that  the  dielectric  loss  factor,  at  these  temperatures, 
was  still  low  at  the  frequency  of  2.45  GHz.  Similar  results  were  obtained  for  PBMA 
processed  ^  60«C  above  Its  Tg  (20®C),  and  for  PEMA  processed  at  30®C  above  Its  Tg 
(6q'’C).  Under  these  conditions,  all  three  polymers  were  still  in  the  background 
dielectric  loss  region  at  2.45  GHz.  Hence,  little  dielectric  coupling  occurred. 
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The  variation  of  sample  temperature  vs.  time  for  PVC  processed  at  50  watts  in 
trie  travelling  mode  is  presented  in  Figure  4.  The  temperature  rise  at  20  minutes  was 
significant  when  processed  at  2a®C  acove  the  Tg  of  PVC  (90®C).  Tnis  particular 
observation  was  important  It  is  known  that  the  dielectric  relaxation  spectra  shift  to 
higher  temperature  with  increasing  frequency.  Indeed,  the  "cool  side"  of  the  dielectric 
relaxation  spectra  of  PVC  must  have  shifted  into  the  2.45  GHz  region  at  1 16®C  (2a®C 
above  Tg).  How  far  the  s"  spectra  shifts  at  2.45  GHz  determines  the  critical 
temperature  for  dielectric  loss  factor,  Tc,  as  well  as  the  Tg  at  2.45  GHz.  Tc  gives  an 
approximate  indication  of  the  temperature  at  which  the  dielectric  loss  factor,  s", 
increases  significantly  and  the  onset  of  rapid  heating  occurs. 

From  Equation  1 ,  it  is  known  that  power  absorption  can  be  increased  by 
increasing  the  electric  field  strength.  Thus,  several  experiments  were  performed 
where  the  travelling  wave  applicator  was  replaced  by  the  standing  wave  applicator  to 
increase  the  electric  field  strength.  The  sample  was  put  at  the  location  of  maximum 
electric  field  in  the  TEiq  mode  in  the  waveguide  at  ambient  temperature.  The 
variations  of  input  power,  reflected  power  and  sample  temperature  as  a  function  of 
time  for  PVAc  in  the  standing  wave  applicator  are  displayed  in  Rgure  5.  Input  power 
was  kept  constant  at  16  watts.  Reflected  power  was  adjusted  to  zero  at  the  onset  of 
the  experiment  by  using  the  stub  tuner.  The  sample  temperature  rose  rapidly  for  the 
first  1 0  minutes.  From  equation  2,  assuming  E,  p,  Cv  are  constant,  the  heating  rate  is 
proportional  to  the  dielectric  loss,  s",  given  the  other  qualifications.  In  Rgure  6,  the 
heating  rate  is  plotted  versus  temperature  to  produce  a  thermal  scan  of  PVAc  at  a 
frequency  of  2.45  GHz.  This  procedure  is  called  microwave  calorimetry.  The  Tc  and 
Tg  of  PVAc  at  2.45  GHz  was  qualitatively  determined  to  be  65'’C  and  150®C, 
respectively,  from  Rgure  6.  The  thermal  conductivity  effect  was  not  considered  in  this 
short  time  experiment  For  the  case  of  PVAc,  shown  in  Rgure  7,  the  temperature  was 
seen  to  rise  significantly  at  the  starting  temperature  of  92“C  (27'’C  higher  than  Tc)  in 
the  travelling  wave  applicator  indicating  that  the  "cool  side"  of  the  dielectric  loss 
spectra  of  PVAc  was  in  the  2.45  GHz  region. 

Similar  results  for  PMMA  in  the  standing  wave  applicator  are  shown  in  the 
Rgures  8  and  9.  The  input  power  was  kept  at  21  watts.  The  rise  of  temperature  was 
slow  in  the  first  32  minutes;  after  which  time  the  temperature  rose  rapidly,  as  shown  in 
Rgure  8.  In  Rgure  9,  an  induction  period  below  ISO^C  appears  in  the  plot  of  heating 
rate  vs.  temperature.  The  Tc  of  PMMA  is  about  185®C  which  is  80‘’C  above  its  Tg.  The 
dielectric  behavior  at  2.45  GHz  for  PMMA  is  different  from  that  of  PVAc.  Here, 
examination  of  the  lower  frequency  loss  responses  is  required  to  explain  these 
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differencas.  The  dielectric  spectra  of  PMMA  obtained  via  DETA  over  the  temperature 
range  from  -80®C  to  190®C  at  frequencies  of  Q.1, 1, 10  a  ICO  kHz  is  depicted  in  Rgure 
1 0.  The  shape  of  the  spectrum  at  1  CO  kHz  was  similar  to  that  at  2.45  GHz  for  PMMA. 
However,  in  comparing  100  kHz  to  0.1  kHz  traces,  the  dielectric  spectra  gradually 
separated  into  two  peaks.  Tne  peak  at  the  higher  temperature  vi^  assodated  with  the 
motion  of  the  main  chain  a  relaxalian.  The  peak  at  lower  temperature  vires  (bis  to  the 
relaxation  (P  relaxation)  of  the  strong  electric  dipole  in  the  ester  (-COOCH3)  side 
gnsup.  The  p  peak  shifted  more  rapidly  than  the  a  peak  as  temperature  was 
Increased.  The  merging  of  the  a  and  p  relaxations  in  PMMA  at  a  frecpjency  of  about 
10  kHz  can  be  clearly  seen.  In  contrast  to  this  behavior,  the  dielectric  spectra  of  PVAc 
obtained  by  the  DETA  are  shown  in  Rgure  10.  In  PVAc,  the  side  group  Is  linked  to  the 
main  chain  by  polar  C-0  bonds.  Tne  polar  C-0  bonds  are  expected  to  Induce  motion 
In  the  main  ohain  to  produce  a  more  intense  dielectric  glass  transition  than  for  the  case 
of  PMMA  where  this  link  is  an  apolar  C-C  bond.  A  closer  inspection  of  the  spectra  in 
Rgure  10  reveals  differences  in  the  dielectric  behavior.  This  difference  is  clearly 
evident  at  2.45  GHz  for  PMMA  and  PVAc,  as  shown  in  Figures  7  and  9,  since  PMMA 
possess  a  large  p  dielectric  loss  relaxation. 

To  describe  the  temperature  sensitivity  of  the  relaxation  process,  Arrhenius  plots 
were  made  from  DETA  data  The  calculation  of  the  apparent  activation  energy,  AEa, 
was  performed  in  the  following  way:  the  maximum  temperature  for  several  frequencies 
was  determined  from  the  plot  of  tan5  vs.  temperature,  as  shown  in  Rgure  1 0.  A  graph 
of  the  applied  log{frequency)  versus  the  inverse  absolute  temperature  maximum  was 
made.  Placement  of  a  straight  line  through  the  data  over  a  narrow  temperature  range, 
as  shown  in  Rgure  11,  yielded  a  slope  proportional  to  the  activation  energy,  AEa! 

AEa  =  -2.303 R  x  slope  [3] 

This  value,  referred  to  as  the  "apparent "  activation  energy,  is  summarized  in  the  third 
column  of  Table  2. 

Smaller  values  of  AEa  result  in  a  slower  shift  of  the  relaxation  with  frequency 
and  reduced  temperature  difference  between  Tc  and  Tg.  For  PVAc,  the  AEa  was  210 
IcJ/mole  and  the  Tc  was  above  its  Tg.  For  PMMA,  the  AEa  was  100  teJ/mole  and 
the  Tc  was  80®C  above  its  Tg.  PVC,  having  the  highest  AEa  of  380  IcJ/moIe,  was  easily 
heated  at  28‘’C  above  its  Tg.  PBMA,  having  a  AEa  of  130  kJ/mole,  was  still  In  the 
background  dielectric  loss  region  at  2.45  GHz  even  at  60®C  above  its  Tg.  The  low 
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activation  energy  for  PEMA  and  PSMA  was  attributed  to  the  merging  of  the  a  and  p 
relaxations  as  shown  in  Rgure  1 2. 

■  The  critical  temperature, is  an  Important  parameter  for  microwave  processing 
of  polymers.  Above  Tg,  a  positive  slope  (d£7dT)  of  the  e"  vs.  temperature  plot  results. 
This  is  the  region  of  rapid  volumetric  heating.  In  the  extreme  case,  (lE"/dT  can  be  so 
large  that  the  sample  can  char.  This  phenomenon  is  termed  the  "runaway  effect". 

After  the  material  absorbs  microwave  energy,  the  temperature  rise  causes  the  e"  to 
increase  which,  in  turn,  results  in  a  further  increase  of  temperature,  and  so  on.  Ether 
decreasing  the  microwave  energy  or  removing  the  sample  is  necessary  to  avoid 
damage  to  the  sample.  Knowledge  of  the  dependence  of  dielectric  behavior  on 
temperature  at  2.45  GHz  is  important  in  the  design  of  a  microwave  heating  system  to 
take  advantage  of  the  rapid  heating  in  the  positive  side  of  dsVdT  and  to  avoid  the 
thermal  oinaway  effect. 

The  Williams-Landel-Ferry  (WLF)  relationships  covering  a  wide  frequency 
range  were  investigated.  The  dielectric  behavior  of  PMMA  provided  a  suitable 
example.  Here,  the  temperature  at  the  maximum  heating  rate  was  chosen  as  the  glass 
transition  temperature  at  2.45  GHz.  The  glass  transition  temperatures  at  10  kHz  and 
100  kHz  were  obtained  from  DETA  spectra.  Rnally,  the  glass  transition  temperatures 
at  0.3, 1,  3, 10  and  30  Hz  from  the  maximum  loss  moduli  E"  were  obtained  from  the 
DMTA  spectra.  A  graph  of  the  dependence  of  the  logarithm  of  the  frequency  against 
the  reciprocal  of  absolute  temperature  for  PMMA  is  shown  in  Rgure  13.  The  three 
paints  at  high  temperature  obeyed  Arrhenius  behavior  with  a  constant  activation 
energy.  The  merging  of  the  a  and  p  relaxation  at  1 0  kHz  produced  the  kink  in  the 
WLF  curve  at  approximately  130“C. 

The  results  for  SAN  in  the  standing  wave  applicator  are  presented  in  Rgures  14 
and  15.  With  input  power  kept  at  32  watts,  the  temperature  rise  in  the  first  6.5  minutes 
was  slow  an  fallowed  by  a  rapid  temperature  increase,  as  shown  in  Rgure  14.  In 
Rgure  15,  Tc  of  SAN  was  found  to  be  about  145°C  and  corrresponded  to  40°C  above 
its  Tg.  The  dielectric  spectra  of  SAN  obtained  via  DETA  over  the  temperature  range 
from  40°C  to  190°C  at  0.1, 1, 10  &  100  kHz  is  given  in  Rgure  16.  For  SAN,  AEa  was 
determined  to  be  300  kJ/mole.  The  graph  of  the  dependence  of  the  logarithm  of  the 
frequency  against  the  reciprocal  of  absolute  temperature  for  SAN  is  shown  in  Rgure 
1 7.  The  plot  exhibits  the  curvature  which  is  typical  for  glass-rubber  relaxations  of 
amorphous  polymers  and  is  consistent  with  the  WLF  relationship.  Examination  of  the 
lag(frequency)  vs.  1/Tg  plot  reveals  either  that:  a)  the  dielectric  loss  at  the  microwave 
region  was  low,  or  that  b)  the  frequency  location  plots  did  not  extrapolate  dielectric 
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toss  dispereions  to  the  microwave  frequency  range  at  room  temperature  for  glassy 
thermoplastics. 

A  general  phenomenon  in  all  these  experiments  was  an  initial  decrease  in 
heating  rate  vs.  temperature  curves.  One  possible  reason  for  this  is  related  to  changes 
in  basic  dielectric  properties  which  caused  an  impedance  change  as  temperature 
increased.  This  mismatch  may  have  caused  more  energy  to  be  dssipated  in  the  '  ' 
source  rather  than  in  the  load.  The  second  possible  reason  vres  that  the  position  of 
the  maximum  electric  field  was  shifted  toward  the  microwave  source  in  the  first  few 
minutes.  In  any  case,  the  Initial  decrease  In  heating  rate  was  an  artifect  of  the 
experiment  and  not  a  secondary  transition. 

CONCLUSIONS 

Microwave  processing  of  glassy  polymers  requires  detailed  knowledge  of  how 
temperature  affects  the  location  of  the  dielectric  loss  peak  within  the  frequency 
domain.  As  a  result,  several  key  terms  must  be  defined.  For  the  materials  examined, 
the  critical  temperatures  were  obtained  from  the  x-intercept  of  the  'ccol  side'  tangent 
curve  of  the  heating  rate  versus  temperature  plots  at  2.45  GHz.  The  dispersion  curve 
was  centered  by  using  the  peak  values  from  Arrhenius  extrapolations  assuming  a 
constant  peak  shape  at  high  frequencies.  Microwave  processing  was  rapid  above  the 
critical  temperature  because  the  dielectric  toss  transition  had  entered  the  2.45  GHz 
domain  for  efficient  coupling  of  energy  to  the  polymer.  The  glass  transition 
temperatures  at  2.45  GHz  were  obtained  from  heating  rate,  (dT/dt)  or  (deVdt),  versus 
temperature  curves.  Arrhenius  plots  of  tog(frequ6ncy)  versus  the  inverse  absolute 
temperature  maximum  were  made  from  DETA  spectra:  these  experiments  showed 
how  sensitive  the  dielectric  loss  spectra  were  to  changes  in  temperature.  Rnally,  WLF 
plots  over  a  broad  range  of  applied  frequencies  were  made  for  PMMA  and  SAN  and 
demonstrated  the  phenomenon  of  merging  a  and  p  relaxations  of  PMMA  at  10  kHz. 

Outside  the  region  of  dispersion,  the  dependence  of  dielectric  loss  factor  on 
temperature  for  polar  molecules  was  like  that  for  nonpolar  molecules,  i.e.,  d£7dT  was 
small.  Within  a  dispersion  region,  however,  de7dT  was  large  and  positive  in  the 
temperature  range  on  the  'cool  side*  of  a  dispersion.  Also,  this  region  was  where 
rapid,  volumetric  heating  occurred.  In  other  words,  the  dielectric  loss  factor  depended 
on  the  relaxation  times  as  well  as  the  dipole  moment.  The  dipole  moment  values 
should  be  used  only  in  conjunction  v/ith  the  corresponding  data  for  the  relaxation 
times  In  order  to  compare  the  dielectric  toss  factors.  Due  to  their  high  molecular 
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weights,  polymer  chains  possess  low  mobility  and  their  relaxation  times  are  relatively 
long.  For  this  reason,  increased  temperatures  were  necessary  to  move  the  dielectric 
relax^on  spectra  of  glassy  thenrnc plastics  into  the  microwave  region.  Plots  of 
diefectric  properties  as  functions  of  frequency  at  a  single  temperature  or  of 
temperature  at  a  single  frequency,  although  useful,  did  not  give  a  complete  picture  of 
dielectric  behavior.  Tne  dielectric  spectra  of  DETA  were  used  to  reveal  the  shift  of 
dielectric  relaxation  spectra  to  the  microwave  region.  The  plot  of  heating  rate  versus 
temperature  via  the  microwave  experiment  was  used  to  estimate  the  Tc  and  Tg  at  2.45 
GHz  for  various  glassy  thermoplastics.  The  combination  of  microwave  and 
conventional  thermal  heating  improved  absorption  of  microwave  energy  by  polymers. 

At  room  temperature,  dielectric  loss  factors  of  the  thermoplastics  studied  were 
exceptionally  low.  Therefore,  a  high  electric  field  strength  was  required  to  ensure  a 
reasonable  rats  of  temperature  increase.  In  general,  for  the  same  power  applied,  the 
standing  wave  applicator  established  much  higher  electric  field  strengths  than  the 
travelling  wave  or  multimode  applicators.  From  an  industrial  point  of  view,  low  loss 
thermoplastics  at  room  temperature  require  standing  wave  applicators  as  opposed  to 
travelling  wave  or  multimode  applicators  for  rapid  processing. 
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Table  1 


The  glass  transition  temperatures,  sources  of  thermoplastics,  molecular  weights  and 
the  onset  of  decomposition  temperatures  of  various  tfiermoplastics 


Polyinar 

Sourcas 

Tg.*C 

Mn  X  10-5 

M^”x  10-5 

Polydlsperslty 

TdacompC’C) 

PBMA 

Akirich 

20 

2.37 

5.41 

2.28 

217 

PVAc 

Aldnch 

30 

1.72 

7.26 

4.21 

311 

PEMA 

Inland  Uidy 

66 

0.853 

1.78 

2.08 

225 

PVC 

Polysciences 

85 

0.635 

1.36 

2.05 

274 

SAN 

Union  Caitiide 

101 

2.72 

8.80 

3.23 

349 

PMMA 

Inland  Leidy 

105 

1.39 

3.21 

2.30 

263 

*  The  onset  of  decomposition  temperature  from  TGA  in  “C. 
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Table  2 


Tgs  and  the  apparent  activation  energies  in  the  kHz  region  for  several  thermoplastics 


Polymer 

VC 

AEa*,OcJ/mole) 

Relaxation  Phenomena 

• 

PMMA 

105 

100 

a  &  3  pahially  merge 

PBMA 

20 

130 

a  &  p  merge 

4 

PEMA 

66 

170 

a  &  p  merge 

PVAc 

30 

210 

SAN 

101 

300 

PVC 

85 

380 

*  Activation  energy,  AEa,  calculated  from  the  peak  temperatures  of  DETA  spectra  at 

1,10&10Q  kHz 
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Sch 


Temperature 


Rgure  1. 

ematic  representation  of  the  dielectric  behavior  of  polar  polymers  at  various 


frequencies. 
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Rgure  2. 

Schematic  of  the  experimental  set-up  for  the  standing  wave  applicator. 


time,  mm 
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Figure  5. 

tion  of  ttie  temperature,  input  power  and  reflected  power  with  time  for  polyfviny 
acetate)  In  the  standing  wave  applicator  with  a  stub  tuner. 


Temperature,  °C 


Rgure  6. 

state)  versus  temperature  in 
with  a  stub  tuner. 


the  standing  wave  applicator 


time,  min 


TOP  rXNPUT  PQirES 
BOTTOM  rREniCTED  POTTES 
SOUQ  LC<S  :TEMPEBA'njRS 

Rgure  8. 

Variation  of  the  temperature,  input  power  and  reflected  power  with  time  for  poly(methyl 
methacrylate)  in  the  standing  wave  applicator  with  a  stub  tuner. 
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Temperature, 


Rgure  10. 

Temperature  dependence  of  the  loss  tangent  of  poly(methyl  methacrylate)  (top)  and 
poly(vinyl  acetate)  (bottom)  at  various  frequencies 


Figure  12, 

Temperature  dependence  of  the  loss  tangent  of  polyfethyl  methacrylate)  (top)  and 
poly(n-butyl  methacrylate)  (bottom)  at  various  frequencies 
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time,  min 
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Rgure  14. 

Variation  of  the  temperature,  Input  power  and  reflected  power  with  time  for  styrene 
acrylonitrile  copolymer  in  tfie  standing  wave  applicator  with  a  stub  tuner. 
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Temperature,  **0 

Rgure  15. 

Heating  rate  of  styrene  acrylonitrile  copolymer  versus  temperature  in  the  standing 

wave  applicator  with  a  stub  tuner. 
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Figure  16. 

Temperature  dependence  of  the  loss  tangent  of  styrene  acrylonitrile  copolymer  at 

various  frequencies. 
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Tamp  lll•QCI 

Figure  17. 

WLF  relationship  for  styrene  acrylonitrile  copolymer 
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ABSTRACT 

The  objective  of  this  effort  has  been  to  investigate  the  relationship  between 
polymer  structure  and  microwave  absorptivity.  In  this  paper,  the  microwave 
processing  of  semicrystalline  polymers  such  as  poly(ether  ether  ketone)  (PEEK), 
nylons,  poly(ethylene  terephthalate)  (PET)  via  a  cylindrical  resonance  wave  cavity  and 
a  rectangular  standing  wave  applicator  is  described.  These  polymeric  materials  were 
irradiated  in  a  low  power  (  <50W)  electric  field  at  2.45  GHz.  Silicone  flexible  molds 
were  necessary  for  improved  processing  of  nylons  and  PEEK  at  temperatures  below 
their  Tc-  Rapid  heating  rates  were  observed  between  the  glass  transition  temperature, 
Tg,  and  the  melting  temperature,  Tm,  for  all  these  polymers  provided  that  Tc  was 
exceeded.  Both  Dynamic  Mechanical  Thermal  Analysis  (DMTA)  and  Dielectric 
Thermal  Analysis  (DETA)  spectra  were  utilized  to  predict  the  heating  phenomena 
between  amorphous  and  semicrystailine  materials  and  to  explain  the  rapid 
crystallizing  rate  of  PEEK  above  its  glass  transition  temperature.  Correlations  were 
drawn  between  a)  the  apparent  activation  energy  and  the  critical  temperature  and  b) 
the  shape  of  the  dielectric  spectra  at  2.45  GHz  and  its  shape  in  kHz  region. 
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INTRODUCTION 


In  preceding  papers  (1,2),  microwave  energy  absorption  of  nitrile  rubbers  and 
the  dielectric  behavior  of  amorphous  thermoplastics  were  examined  in  detail.  In 
contrast  to  the  nitrile  rubbers,  a  combination  of  microwave  and  conventional  thermal 
heating  was  found  to  improve  the  absorption  of  microwave  energy  by  glassy  polymers. 
By  externally  heating  the  glassy  material  above  its  critical  temperature  for  dielectric 
loss,  Tc,  the  dielectric  relaxation  peaks  observed  at  low  frequency  were  moved  into  the 
microwave  region.  Within  this  dispersion  region,  ds’VdT  was  large  and  positive  on  the 
cool  side  of  the  dielectric  relaxation  versus  temperature  spectrum  and  as  such,  rapid 
heating  occurred. 

Since  the  mechanism  of  microwave  heating  is  independent  of  thermal 
conductivity,  microwave  heating  avoids  heat  transfer  rate  problems  encountered  in 
conventional  thermal  heating  where  the  low  thermal  conductivities  of  polymers  is 
problematic.  Due  to  the  high  temperatures  needed  to  process  semicrystalline 
polymers,  the  avoidance  of  thermal  gradients  as  a  result  of  microwave  processing 
offers  distinct  advantages.  Microwave  energy,  with  its  long  wavelength,  offers  a 
deeper  penetration  than  ultraviolet  (UV)  or  electron  beam  irradiation  but  does  not 
possess  sufficient  energy  to  cause  bond  cleavage.  Only  accelerated  dissipative 
heating  occurs  in  microwave  processing.  In  this  way,  energy  may  be  distributed 
rapidly  throughout  the  volume  of  the  material.  Surface  overheating  or  uneven  catalyst 
decomposition  is  avoided.  When  two  materials  are  simultaneously  subjected  to 
microwave  irradiation,  the  higher  less  material  will  be  heated  more  rapidly  than  the 
lower  loss  material  provided  that  the  dispersion  as  a  whole  is  properly  located  near  Tc. 
In  addition,  the  microwave  heating  process  can  be  switched  at  high  rates  in  response 
to  a  control  signal.  Therefore,  processing  can  be  controlled  more  accurately  than  in 
conventional  methods  (3-8). 

Several  articles  have  recently  appeared  in  the  literature  on  the  microwave 
processing  and  diagnosis  of  epoxy/amine  resins  as  well  as  nylon  66  (9-15).  These 
same  researchers  described  a  field  pattern  study  for  a  single-mode  cylindrical  cavity 
applicator.  One  particular  single  mode  was  found  to  be  especially  useful  for  heating 
monofilament  fibers  (16).  Other  researchers  have  found  that  ultradrawing  under 
microwave  heating  through  a  circular  or  rectangular  waveguide  was  most  effective  for 
obtaining  high  modulus  materials  (17-24). 

In  this  paper,  the  processing  of  semicrystalline  polymers  such  as  poly(ether 
ether  ketone)  (PEEK),  nylons,  poly(9thylene  terephthalate)  (PET)  via  a  cylindrical 
resonance  wave  cavity  and  a  rectangular  standing  wave  applicator  is  described. 
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Rapid  heating  rates  were  observed  between  the  glass  transition  temperature,  Tg,  and 
the  melting  temperature,  Tm,  for  all  these  polymers  provided  that  Tc  was  exceeded.  By 
conventional  thermal  methods,  the  processing  temperature  should  be  greater  than  the 
melting  temperature  of  the  polymer.  As  in  the  previous  papers  (1,2),  both  DMTA  and 
DETA- spectra  were  utilized  to  predict  the  heating  phenomena  between  amorphous 
and  semicrystaJline  materials  and  specifically,  to  explain  the  rapid  crystallizing  rats  of 
PEEK  just  above  its  glass  transition  temperature.  Here,  the  objective  was  to  gain  m 
understanding  of  the  mechanisms  involved  in  absorption  of  microwave  radiation  by 
semicrystalline  polymers.  Modifications  of  processing  methods  were  then  investigated 
for  improved  processing  of  these  materials. 

EXPERIMENTAL 

MATERIALS 

The  glass  transition  temperatures,  melting  temperatures  and  suppliers  of  the 
semicrystalline  materials  studied  and  the  silicone  flexible  mold  used  to  support  the 
sample  are  summarized  in  Table  1 .  Films  were  prepared  by  using  a  platten  press  to 
heat  and  mold  the  polymers  just  above  (0-1 0“C)  their  respective  Tm's.  The  amorphous 
counterparts  of  the  crystalline  polymers  were  prepared  by  quenching  from  their  melt 
state  into  an  ice  water  bath.  Samples  were  then  dried  in  a  vacuum  oven  at  just  below 
their  respective  Tg's  for  24  hours.  These  films  were  kept  in  the  desiccator  until  they 
were  used  for  the  DETA,  DMTA  and  microwave  experiments.  Semicrystaliine  PEEK 
was  prepared  by  annealing  at  293°C  for  50  minutes  before  dropping  into  the  bath  of 
Ice  water.  Silicone  flexible  molds  were  made  by  mixing  the  necessary  components 
and  vacuum  degassing  several  times.  This  mixture  was  cured  at  room  temperature  for 
24  hours,  then  further  cured  under  vacuum  at  200°C  for  24  hours. 

DISPERSION  SPECTROMETER  SYSTEMS 

Polymer  Laboratory's  Dielectric  Thermal  Analyzer  (DETA)  and  Dynamic 
Mechanical  Thermal  Analyzer  (DMTA)  were  used  to  provide  comprehensive  relaxation 
spectra  covering  the  broad  frequency  range  of  1  Hz  to  100  kHz.  Dielectric  spectra 
from  -150®C  to  Tm  were  obtained  via  DETA  at  frequencies  of  0.1 , 1, 10  &  100  kHz. 
DMTA  thermal  spectra  from  -150®C  to  Tm  were  obtained  by  using  the  DMTA  at 
frequencies  of  1,  3  and  10  Hz.  The  bending  mode  was  used  for  DMTA  testing. 

MICROWAVE  APPLICATOR  SYSTEM 
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A  cylindrical  cavity  applicator,  shown  schematically  In  Rgures  1  and  2  (12-13), 
was  used  to  study  the  processing  of  nylon  and  PEEK.  The  seven  inch  cylindrical 
cavity  was  designed  and  constructed  by  Michigan  State  University.  Several  defined 
modes  can  exist  in  this  cavity  by  adjusting  the  cavity  length  (25-27)  via  a  sliding  short. 
The  TEi  1 1  mode  was  chosen  to  process  the  polymers  described  in  this  paper.  The 
field  distributions  of  the  two-dimensional  TEn  mode  and  the  three-dimensional  TEm 
mode  are  shown  schematically  in  Rgure  3.  The  lowest  mode,  TEm,  exists  in  this 
empty  cylindrical  cavity  with  a  theoretical  cavity  length  of  6.69  cm.  Prior  to  microwave 
processing,  the  specimens  (1  cm  x  1  cm  x  0.5  cm)  were  placed  in  the  trough  of  a 
silicone  flexible  mold.  The  size  of  the  silicone  mold  was  about  2  cm  x  2  cm  x  1 .2  cm. 
Two  more  pieces  of  silicone  mold  were  stacked  to  support  the  specimen  and  to  raise 
the  specimen  to  the  center  of  the  TEm  mode.  An  additional  silicone  mold  was  placed 
on  the  top  of  the  specimen  in  order  to  secure  the  fiber  optic  temperature  probe  (1 ). 

The  other  function  of  the  top  mold  was  to  insulate  the  sample  to  prevent  heat 
convection  losses  from  the  specimen  to  the  air.  The  cylindrical  cavity  applicator  is 
quite  efficient  as  the  radiation  from  the  source  is  continuously  reflected  from  the  walls 
of  the  cavity,  passing  through  the  specimen  many  times  until  it  is  absorbed. 

Due  to  the  size  of  the  specimen  in  the  form  of  films,  a  standing  wave  applicator, 
described  in  detail  previously  (1,2),  was  used  to  process  PET.  Samples  were  stacked 
contiguously  and  placed  into  the  center  section  of  the  1/2  in.  i.d.  teflon  sample  holder. 

RESULTS  AND  DISCUSSION 

THERMAL  DISPERSION  SPECTRA  FROM  DETA  AND  DMTA 

As  the  molding  material  may  also  interact  with  the  applied  electromagnetic  field 
and  influence  the  heating  of  specimens,  its  heating  behavior  was  examined  fully.  The 
temperature  dependence  of  dielectric  constant  and  loss  tangent  of  the  silicone  flexible 
mold  at  100  kHz  is  revealed  in  Rgure  4.  A  transition  around  -SO^C  was  identified  as 
the  glass  transition  temperature  of  the  silicone  mbber.  A  broad  transition  between 
-20°C  and  80°C  was  attributed  to  the  filler.  The  maximum  value  of  tan5  was  0.016. 
Thus,  the  silicone  mold  was  a  relatively  low  dielectric  loss  material  in  the  microwave 
field.  On  this  basis,  the  influence  of  the  molding  material  upon  specimen  heating 
behavior  and  electromagnetic  field  interaction  near  or  above  a  specimen’s  Tc  was 
considered  negligible.  However,  at  temperatures  well  below  Tc,  the  silicone  mold 
interaction  with  the  electric  field  would  yield  important  heating  effects  for  processing. 
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The  typical  dielectric  transition  spectra  (tanS  vs.  temperature)  of  nylon  12  at  0.1 , 
1,10  and  1 00  kHz  is  displayed  in  Rgura  5.  A  comparison  of  nylon  6,  6/1 2  and  1 2 
DETA  spectra  demonstrated  that  the  greater  number  of  amide  groups  in  the  man 
chan  of  nylons  forced  the  transitions  to  be  shifted  to  slightly  higher  temperatures.  This 
was  expected  as  the  dielectric  properties  of  nylons  are  manly  determined  by  inter- 
molecula  and  intra-molecular  hydrogen  bonds  of  the  amide  groups.  The  electrical 
conductivity  is  high  due  to  proton  transfer  along  the  hydrogen  bonding  chans.  The 
height  of  the  tai5  peak,  however,  was  difficult  to  compare.  This  difficulty  was  due  in 
part  to  possible  variations  In  percent  crystallinity  among  the  different  nylon  specimens. 
The  apparent  activaion  energies  calculated  from  the  logarithm  of  frequency  versus  the 
reciprocal  of  absolute  temperature  in  the  kHz  region  are  given  In  Table  2.  Nylon  6  had 
the  highest  activation  energy  yet  its  temperature  window  between  Tc  and  Tg  was 
smaller  than  that  of  nylon  6/12  and  nylon  12. 

Similarly,  the  dielectric  transition  spectra  were  obtained  for  amorphous  and 
semicrystalline  PEEK  specimens.  The  dielectric  loss  spectrum  of  the  amorphous 
material  shown  in  Figure  6  clearly  reveals  a  rapid  crystallization  phenomenon  at 
1 60°C.  At  the  beginning  of  the  transition,  the  dielectric  constant,  e',  and  the  dielectric 
loss  factor,  e",  increased  with  rising  temperature.  This  would  indicate  greater  mobility 
of  polar  groups  along  the  main  chain.  The  rapid  crystallization  of  PEEK  into  the 
crystalline  phase  resulted  in  immobilization  of  the  dipoles.  As  such,  the  alternating 
electric  field  had  little  effect  upon  orientation  of  the  dipoles  in  the  polymer.  Once 
beyond  the  crystallization  region,  s’  increased  again  to  a  maximum  value  as  the 
crystallites  melted.  At  higher  temperature,  the  electric  field  once  again  could  not 
couple  with  the  sample  as  the  material  transformed  to  the  melt  state  so  that  e' 
decreased  slowly  with  increasing  temperature.  Complementary  data  on  this 
crystallization  phenomenon  was  also  obtained  via  the  DMTA  experiment  of 
amorphous  PEEK  at  1  Hz.  This  is  given  in  Rgure  7.  Here,  the  thickness  of  the 
specimen  was  3  mm  and  were  tested  in  a  dual  cantilever  mode  with  a  peak 
displacement  amplitude  of  20  microns  to  monitor  the  viscoelastic  properties.  The 
logarithm  of  storage  modulus  0n  Pascals)  drops  from  9.6  at  1 40°C  to  6.3  around 
155®C  indicating  the  typical  3  decade  decay  in  modulus  for  the  glass  to  rubber 
transition.  The  sudden  rise  in  modulus  just  above  155^C  Is  due  to  the  rapid 
crystallization  of  PEEK.  This  crystallization  phenomena  for  PEEK  can  be  seen  at  other 
frequencies  as  well.  For  comparison,  the  dielectric  transition  of  semicrystalllne  PEEK 
is  given  in  the  DETA  spectra  presented  in  Figure  8.  In  the  glass  transition  region,  e’ 
and  e"  increased  continuously.  The  temperature  at  maximum  e“  for  semicrystalline 
PEEK  was  almost  the  same  as  that  for  amorphous  PEEK.  This  would  indicate 
amorphous  phase  involvement.  In  the  DMTA  spectra  for  semicrystalline  PEEK,  the 
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logarithm  of  the  storage  modulus  only  drops  by  0.6  in  the  glass  transition  region.  The 
extremely  high  activation  energy  of  amorphous  PEEK  suggested  the  similarity  of 
heating  rates  in  comparing  amorphous  PEEK  and  semicrystalline  PEEK. 

The  DETA  spectra  of  the  amorphous  PET  is  illustrated  in  Figure  9.  For  PET,  the 
dielectric  constant  increased  in  the  glass  transition  region  from  ZO^C  to  1 10®C.  Above 
1 10“C,  e'  decreased  as  crystallinity  increased  Between  120®C  and  200°C,  e‘ 
decreased  slowly.  Beyond  200^C,  ionic  conductivity  became  significant  so  that  tanS 
became  very  large.  The  logarithm  of  tanS  versus  temperature  is  also  given  in  Rgure 
10.  The  crystallization  phenomena  for  PET  was  detected  from  the  shape  of  the  higher 
temperature  side  of  the  transition  region.  By  increasing  the  crystallinity,  the  dielectric  a 
relaxation  peak  decreased. 

All  the  DETA  spectra  described  above  have  their  s'  maxima  closer  to  Tg  rather 
than  to  Tm.  The  activation  energies  of  most  of  these  semicrystalline  polymers,  as 
shown  in  Table  2,  were  much  higher  than  those  of  the  amorphous  polymers 
mentioned  in  a  preceding  paper  (2).  In  general,  the  more  crystalline  the  polymer,  the 
higher  the  Tg,  and  the  higher  the  activation  energy.  Therefore,  the  shift  in  the  dipolar 
relaxation  spectra  caused  by  frequency  rise  will  be  smaller.  In  other  words,  the 
window  between  Tc  and  Tg  would  be  smaller  for  semicrystalline  polymers.  For  a 
polymer  with  a  wide  window  between  Tg  and  Tm,  Tc  would  be  closer  to  Tg  rather  than 
to  Tm* 


MICROWAVE  EXPERIMENTAL  RESULTS 

The  temperature  variation  of  nylon  6,  nylon  6/12,  nylon  12  and  the  silicone 
flexible  mold  with  time  during  irradiation  is  displayed  in  Rgure  11.  Here,  the  input 
power  was  20  watts  at  a  frequency  of  2.45GHz  and  remained  constant  throughout  the 
irradiation  period.  After  an  initial  tuning  period  (1  minute),  the  reflected  power  level  fell 
to  less  than  one  watt,  but  then  steadily  rose  to  approximately  two  watts  over  the 
irradiation  period.  During  the  first  two  minutes,  the  temperature  rise  was  almost  the 
same  for  all  materials.  After  2  minutes,  the  temperature  of  nylon  6  rose  rapidly 
comparatively.  It  is  suggested  that  is  due  either  to  the  higher  concentration  of  polar 
amide  group  (or  hydrogen  bond)  or  lower  percent  crystallinity.  From  a  plot  of  e"  vs. 
temperature,  the  slope,  de'VdT,  was  high  and  positive  and,  as  a  consequence,  the 
uncontrolled  temperature  rise  of  nylon  6  occurred.  This  phenomenon  is  termed  the 
"oinaway  effect"  and  may  be  controlled  through  modulation  of  the  electric  field 
strength. 

In  contrast  to  nylon  6,  the  heating  of  nylon  12  and  6/12  started  at  approximately 
five  minutes  with  a  greater  the  temperaturej^'^e  of  nylon  6/12  than  that  of  nylon  12. 


The  reason  the  final  temperature  of  nylon  6/12  was  lower  than  that  of  nylon  12  may  be 
due  to  a  difference  in  sample  mass  and  variation  in  temperature  prcbe  placement. 

The  influence  of  the  silicone  mold  electromagnetic  field  interaction  upon  specimen 
heating,  served  an  important  function.  It  must  be  noted  that  the  purpose  of  the  silicone 
mold  was  to  have  the  mold  absorb  the  microwave  energy  to  heat  itself  and  then 
transfer  that  heat  to  the  semicrystalline  polymers  until  their  Tc's  were  encountered. 
Thus,  the  ftjnction  of  the  silicone  mold  was  similar  to  the  ftjnction  of  the  strip  heater  in 
the  preceding  paper  (2).  For  microwave  heating  of  the  silicone  mold,  the  intrinsically 
low  loss  of  the  silicone  rubber  was  improved  through  the  introduction  of  fillers.  The 
high  electric  field  strength  in  the  center  of  TEi  1 1  mode  developed  adequate  coupling 
with  the  low  loss  silicone  mold  to  cause  heating.  The  silicone  mold  had  a  broad,  low 
dielectric  loss  spectra  as  shown  in  Rgure  4.  This  broad  loss  transition  allowed  the 
mold  to  be  heated  easily  over  a  wide  temperature  range.  The  silicone  mold  was 
heated  slowly  fram  room  temperature  to  95^C  in  15  minutes  with  only  20  watts  of  input 
power.  At  room  temperature,  below  the  Tg  of  nylons,  the  dielectric  loss  factors  of  dried 
nylons  were  small  and  thus,  little  Interaction  with  the  electromagnetic  field  occurred. 
Above  the  Tc  of  nylons,  microwave  energy  was  absorbed  by  the  specimens  directly  as 
the  dielectric  loss  factors  of  nylons  were  higher  than  that  of  the  silicone  mold. 

The  microwave  energy  absorption  of  nylons  was  improved  by  the  conductive 
heating  of  the  specimens  from  the  heat  generated  by  the  silicone  mold.  In  Figure  12,  a 
plot  of  heating  rate  versus  temperature  for  nylon  6  under  these  conditions  is  presented 
as  an  example  of  the  heating  behavior  of  semicrystalline  polymers.  In  previous 
discussions  (1,2),  the  determination  of  Tc  is  gained  through  taking  the  x-axis  intercept 
of  the  "cool"  side  tangent  of  this  peak.  However,  the  critical  temperatures  for  all  of  the 
semicrystalline  polymers  described  in  this  paper  could  not  be  evaluated  as  the 
silicone  mold  contributed  to  the  heating  rate  of  the  polymers  and  thus,  skewed  the 
mesurement  of  their  intrinsic  Tc's.  The  maximum  heating  rate  was  about  360'’C/min 
which  is  much  faster  than  expected  for  thermal  conductivity  in  conventional  thermal 
heating. 

The  heating  behavior  of  amorphous  and  semicrystalline  PEEK  was  examined. 
The  variation  of  input  and  reflected  powers  and  temperature  with  time  for  amorphous 
PEEK  is  displayed  in  Rgure  13.  The  input  power  was  43  watts  which  was  about  twice 
that  applied  to  the  nylons.  The  nominal  Tg  of  PEEK  obtained  by  differential  scanning 
calorimetry  (DSC)  was  greater  than  140“C  and  was  dependent  on  the  percentage  of 
crystallinity.  In  a  procedure  similar  to  that  used  for  the  nylons,  the  silicone  mold  was 
heated  firet  when  starting  at  room  temperature.  The  heat  flowed  from  silicone  mold  to 
the  PEEK  specimen  via  thermal  conduction  at  temperatures  below  the  Tc  of  PEEK. 
After  7.5  min.,  the  temperature  of  PEEK  approximately  170®C  and  the  rate  of 


temperature  rise  began  increasing.  Due  to  the  high  activation  energy  and  fast 
crystallization  rate,  the  Tc  of  amorphous  PEEK  was  expected  to  be  very  close  to  its  Tg. 
The  high  content  of  phenyl  and  ether  groups  in  PEEK  lowered  the  dipolar  contribution 
of  the  polar  ketone  group.  Thus,  the  temperature  rise  was  under  control  for  the  low 
loss  PEEK.  After  1 1  minutes,  the  sample  temperature  tended  to  level  off. 

The  heating  behavior  of  semicrystalline  PEEK  was  found  to  be  essentially  the 
same  as  that  for  the  amorphous  material.  For  comparison,  the  variation  of  input  and 
reflected  powers  and  temperature  with  time  for  semicrystalline  PEEK  are  described  in 
Rgure  14.  After  irradiating  the  specimens  for  approximately  nine  minutes,  the 
temperature  nose  substantially.  Tne  maximum  heating  rate  of  the  semicrystalline 
PEEK,  determined  at  the  inflection  point  of  this  curve,  was  essentially  the  same  as  that 
for  the  amorphous  material.  The  similarity  of  heating  rates  may  be  due  to  two  reasons 
a)  rapid  crystallization  occurs  at  temperatures  just  above  Tg  and  b)  the  heat  capacity  of 
the  crystalline  polymer  is  lower  than  the  amorphous  version.  In  Figure  14,  there  was 
an  endothermic  peak  indicated  by  the  rapid  rise  in  reflected  power  between  12  and  14 
minutes.  The  temperature  dropped  at  around  350“C  which  was  close  to  the  Tm  of 
PEEK  similar  to  its  endothermic  behavior  found  from  differential  scanning  calorimetry. 

In  contrast  to  the  above  experiments,  the  heating  behavior  of  PET  was 
examined  in  a  recteangular  standing  wave  waveguide.  The  variation  of  powers  and 
temperature  with  time  for  PET  in  a  rectangular  standing  wave  applicator  is  depicted  in 
Rgure  15.  In  these  experiments,  the  input  power  was  20  watts.  Here,  the  temperature 
increased  slowly  in  the  first  2.5  minutes.  After  100°C,  which  may  already  be  in  the 
positive  de'VdT  region,  the  temperature  rose  rapidly.  The  reflected  power  increased 
continuously  after  3.5  minutes.  PET  was  heated  to  its  Tm  in  5  minutes  by  microwave 
processing.  Interestingly,  this  rapid  heating  rate  may  cause  different  kinetic 
phenomena  as  compared  to  conventional  thermal  heating  when  the  temperature 
passes  through  the  crystallization  zone.  In  the  case  of  both  PET  and  nylon  6,  the 
heating  phenomena  showed  the  thermal  runaway  effect.  Either  decreasing  the 
microwave  energy  or  processing  by  pulsed  control  is  necessary  to  avoid  this  runaway. 

CONCLUSION 

The  silicone  flexible  mold  was  necessary  for  improved  energy  absorption  of 
nylons  and  PEEK  at  temperatures  below  their  Tc.  This  suggests  future  industrial 
applications  may  utilize  such  multiphase  processing.  Above  Tc,  nylons  and  PEEK 
absorbed  the  microwave  energy  internally  to  rapidly  heat  above  their  respective 
melting  points.  Nylons,  PEEK  and  PET,  with  a  wide  window  between  Tg  and  Tm,  were 
processed  easily  by  microwave  energy  because  of  the  rapid  heating  rates  ar" 


temperatures  just  above  their  Tg's.  Thus,  their  processing  times  and  costs  can  be 
reduced.  This  fast  heating  rate  can  overcome  the  problem  of  low  thermal  conductivity 
of  polymers,  but  computer  monitoring  of  the  signal  would  be  needed  to  control  the 
temperature  by  on/off  power  pulsing. 

.  ■  DETA  spectra  in  the  kHz  region  and  DMTA  spectra  in  the  Hz  region  were  used 
to  explain  the  similar  heating  rates  of  amorphous  and  semicrystalline  PEEK  at  2.45 
GHz.  Amorphous  PEEK  rapidly  decreased  in  modulus  at  temperatures  just  around  the 
Tg,  but  recovered  as  a  result  of  the  fast  crystallization  which  occurred  just  above  Tg  In 
temperature.  Therefore,  both  materials  became  semicrystalline  during  low  power 
microwave  prooessing.  When  a  material  is  heated  between  its  Tg  and  Tm,  its  rate  of 
crystallization  determines  the  amount  of  crystallinity  which  can  develop.  It  may  be 
possible  in  microwave  processing  at  very  high  electric  field  strength,  however,  to 
exceed  the  rate  of  crystallization  sc  that  it  wuold  be  easier  to  heat  the  material  above 
its  melting  point  while  producing  fewer  crystallites  in  the  zone  above  Tg. 

The  heating  rate  of  nylons  depended  on  the  percentage  of  amide  group  (or 
hydrogen  bonding)  in  the  main  chain.  The  crystallinity  not  only  decreased  the  values 
of  £”,  but  also  moved  the  maximum  of  the  a  and  P  relaxations  to  higher  temperatures 
(or  lower  frequencies).  The  change  in  crystallinity  affected  the  a  relaxation  processes 
more  than  the  p  relaxation  processes.  In  terms  of  microwave  processing,  it  is 
important  to  consider  the  effect  of  crystallinity  on  the  position  of  the  dielectric  loss 
peaks  as  well  as  their  loss  peak  amplitudes. 
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Table  1 

Thermal  properties  and  sources  of  semicrystalline  polymer 


Polymer 

o 

o 

o 

o 

Source 

PEEK 

150 

334 

ICI 

Nylon  6 

63 

229 

Polysciences 

Nylon  612 

46 

SP2 

Nylon  12 

37 

178 

SP2 

Silicone  mold 

GE 

PET 

81 

-260 

SP2 

Sp2  (Scientific  Polymer  Products) 
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Table  2 


Tg,  and  the  ^itivation  energies  in  the  kHz  region  of  polymers 


Polymer 

•  m 
(«C) 

AEa*  AEgJSf 

(kJ/mole)  (kJ/mole) 

Remark 

PEEK 

150 

334 

790 

810 

Q  in  ice  water 

550 

Cooled  in  DETA 

Nylons 

63 

229 

370 

410 

Q  in  ice  water 

350 

380 

Q  in  press 

NyIon612 

46 

270 

320 

Q  in  ice  water 

Nylon12 

37 

178 

230 

270 

Q  in  ice  water 

PET 

81 

260 

420 

420 

Q  in  ice  water 

350 

340 

Q  in  press 

*  Activation  energy  calculated  from  the  peak  temp,  of  1,10  &  100  kHz 

#  Activation  energy  calculated  from  the  peak  temp,  of  0.1 ,1 ,1 0  &  1 00  kHz 
Q:  quenched 
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Figure  1, 

Schematic  of  the  experimental  set-up  for  the  cylindrical  cavity  applicator. 
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SILICONE  FLEXIBLE  MOLD 

CC  RTV664 


Figure  4. 

Temperature  dependence  of  the  dielectric  constant  and  the  loss  tangent  of  silicone  flexible  mold  at  100  kHz. 
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Figure  6. 

Temperature  dependence  of  the  dielectric  constant  and  the  dielectric  loss  factor  of  amorphous  PEEK  at  100  kHz 
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Figure  9. 

Temperature  dependence  of  the  dielectric  conj 


Temperolure, 


r-— 


213 


Rgure  12. 

Heating  rate  of  nylon  6  versus  temperature  In  the 
center  of  mode  of  a  cylindrical  cavity  applicator. 
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Rgure  13. 

Variation  of  the  temperature,  input  power  and  reflected  power  with  time  for  amorphous 
PEEK  in  the  center  of  TE-jn  mode  of  a  cylindrical  cavity  applicator. 
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Rgure  14. 

Variation  of  the  temperattjre,  input  power  and  reflected  power  with  time  for 
semicrystalline  PEEK  in  the  center  of  TE-j^^6mode  of  a  cylindrical  cav’rty  applicator. 
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Rgure  15. 

Variation  of  the  temperature,  input  power  and  reflected  power  with  time  for  PET  in  the 
standing  wave  appHasior  with  a  stub  tuner. 
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Microwave  energy  Is  commonly  considered  as  a  fast  and  efllcient  joares  of  energy  for 
hearing  materials.  This  perception  can  be  easily  verified  by  the  ptollfetadon  of  microwa^ 
Qvms  In  hoosehold  kitchens  and  the  emerging  usage  of  the  technology  In  the  food 
Industry,  From  the  standpoint  of  material  science,  coupling  of  microwave  energy  Into 
mntefinls  during  processing  can  be  more  than  just  shortening  the  heat-up  dme  In 
conventional  thermnj  treatment;  this  energy  source  can  provide  an  additional  depee  of 
control  over  the  properties  developed  during  processing. 

Under  a  muilldisdpiinnr/  resesroh  program  sponsored  by  Defense  Advanced  Researoh 
Projects  Agency  (DARPA)  and  managed  by  the  US  Air  Force  and  Amty.  many 
fundamental  issues  of  applying  this  technology  to  polymer  and  composite  pocessing  were 
addressed.  The  following  seven  papers  are  based  on  work  supported  by  this  program. 

Researchers  at  Michigan  State  University  (I.  Asmussen  and  M.  Hawley)  designed  an 
applicator  with  closed  loop  control  so  that  the  coupling  of  microwave  energy  Into 
and  composite  materials  could  be  studied  In  a  controlled  manner.  The  cavity  enabled  the 
setting  of  a  well  clcflncri  rtsonnnee  rrxxle  prior  to  sample  loading  and  the  close  loop  control 
was  used  to  change  the  power  input  level  to  accommodate  material  properties  ertanges 
during  processing  by  maintaining  a  well  controlled  heating  profile. 

Researchers  at  Virginia  Polytechnic  Institute  (J.  McGrath  and  T.  Ward)  have  us^  this 
applicator  and  discovered  many  interesting  phenomena  In  microwave  processing  of 
polymeric  maierials.  Among  the  findings  was  the  selectivity  of  chemistry  in  microwave 
coupling  where  one  type  of  chemistry  (imidlzatlon)  was  favored  over  another  type 
(acetylenic  reaction),  thus  poienttelly  providing  a  new  dimension  of  control  over  polynw 
synihc.sis  and  processing.  Tiic  apparent  activation  energy  of  the  kinetics  sppea^^ri  to  be 
affected  also,  indicating  (hat  the  effect  was  more  than  just  a  more  efficient  transfer  of 
energy  into  the  materinl  bulk.  In  processing  a  two-component  system,  the  phase  separation 
morphology  of  the  resultant  samples  can  be  controlled  by  the  microwave  energy  coupling 
conditions.  Other  rese,irciicrs  at  VPI  (G.  Wilkes  et  al)  extended  this  technology  to  otnw 
materials  Including  ceramers  and  found  that  the  properties  development  can  be 
acctjmplished  in  minutes  instead  of  days. 

While  heating  of  die!eca-lc  materials  and  polymeric/glass  fiber  composites  can  be 
accomplished  resdily,  application  of  microwave  energy  to  carbon  fiber  composites  hM 
always  been  hampered  by  the  conductive  nature  of  the  carbon  fibers.  Resc^h  con  uc. 
in  the  Materials  Laboratory  showed  ’Jiat  the  heating  profile  of  composite  laminates  cou 
Infliienccd  by  the  mode  setting  of  the  cavity,  locarion  of  the  sample  in  the  cavity,  onenution 
of  the  sample  rcfatlve  lo  the  power  probe  and  stacking  sequence  of  the  laminates. 
Researchers  at  Michigan  Slate  University  (M.  Hawfey)  showed  that  under  spproprtae 
conditions,  energy  could  be  coupled  into  carbon  fiber  composite  larninates  with  esntro 
hearing  and  an  even  temperature  distribution  profile. 
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proca«*lng  af  ?aiy»«rs  «nd  Ftslymmr  Caapoaltaa  In  »  Mlcro««va  Applleatar 
Martin  C.  Hawley  »nd  Jlanghua 

Oepartaent  of  Ciealsal  Englnearlng,  Michigan  State  Unlvaralty,  E.  Lansing, 
Ml  48824 


ABSTRACT 


Polyaiars  and  polyner  csapositas  hava  been  procaaaad  In  a  cylindrical 
raaonant  alcrowava  appllcatar  at  a  frequency  of  2.  4SCH2.  Stalchlonatrlc 
alxturaa  af  two  eposty/anina  syatens.  iX>^A  (Dljlycldyl  Ethar  of  llaphanol 
A)/OOS  C4, 4* -Olaalaodlphenyl  Sulfona)  and  UCcdA/aPOA l»-?hanylena  Olaainal, 
were  alcrawava  and  thanally  cured  Isathersally  using  a  thin  fll*  technlsgue. 
FTIR  was  used  to  deteraina  the  extent  of  cure.  Increased  reaction  rates 
were  observed  In  alcrowava  aura  when  coapared  to  those  of  tharsai  cure.  Iha 
rate  increase  due  to  alcrowava  effects  was  such  greater  for  the  DCc3A/0DS 
systen  than  for  DCESA/aPDA.  Also,  crossply  and  unidirectional  24-ply  and 
72-ply  graph  it  e/epoxy  laslnataa(AS4/3S0I-d  prepreg,  Hercules  Corp. ),  were 
processed  using  alcrowave  radiation.  The  flexural  properties  of  the 
elcrowave  processed  coeposltss  were  strongly  dependent  on  the  resonant 
hasting  soda.  Caeparable  flexural  propartlea  were  obtained  for  tha 
unpressurized  alcrowave  processed  coaposltes  and  the  pressurized  autoclave 
processed  coaposltes.  Proper  contralled-hybrld  aodes  ars  pegulrsd  to 
process  coaposltes  of  high  aechanical  properties.  The  procedures  for 
obtaining  these  controlled-hybrld  aodes  are  described. 


Introduction 

The  control  of  heating  rate  and  leaparature  Is  essential  in  tha 
procaaslng  of  polyaers  and  polyaar  caaposUas  in  order  to  obtain  high 
cjuallty  products.  Microwave  heating  offers  several  advantages  whan  coapared 
to  conventional  thermal  heating  tl.21.  These  advantages  Include;  high 
efficiency  of  energy  conversion,  rapid  heating  rata,  high  heating 
selectivity,  relatively  unlfora  heating  through  tha  cross-section,  and  good 
process  controllability.  Seeausa  of  these  advantages,  alcrowava  heating  can 
be  used  In  aany  appllcatlona.  such  aa  food  procaaslng  [31,  chealcal 
processing,  and  aedleal  therapy  [41.  The  control  of  heating  rata  during 
alcrowava  processing  of  theraosettlng  polyaars  and  polymer  coaposltes  can  be 
used  to  ellalnate  tha  teaparature  excursion  during  the  process. 

Several  types  of  alcrowave  applicators  have  been  used  to  Investigate 
tha  processing  of  polyaers  arwi  polymer  composites  at  a  frequency  of  2. 43 
GHz.  These  Include;  commercial  auitlaode  alcrowave  avena(8,l2l, 
waveguldestS.iai,  and  single  aode  resonant  cavities  [1.5.6,7.10.13,14,131. 
Generally  speaking,  all  of  t.hese  applicators  can  be  used  to  process  polymers 
and  non-conducting  fiber  reinforced  polymer  coaposltes.  Only  the  tunable 
resonant  cavity,  however,  has  bean  used  successfully  to  procass  crossply  ana 
thlck-sectlon  graphite  flbar/epoxy  coapositeadl.  Tha  Inability  to  procaaa 
crossply  and  thlck-sactlon  graphite  flbar/epoxy  coapoaitas  In  wavegu  a 
attributed  to  a  strong  skin  depth  effect  (3,91.  Craphlta  rield 

composites  procsssed  la  a  caamarclal  alcrowava  oven  resulted  ^  ^ 

strength  dlatrlbutlona.  and  tha  Input  power  could  not  be  traneferr 
composite  efficiently  due  to  Impedance  alsaalch.  Also,  the  coaposltes 
not  be  uniformly  cured  due  to  the  non-unlfora  field.  The  tunable  reeonan 

cavity  Is  unique  In  the  following  featuree:  Id 

IJ  Tha  ability  to  obtain  a  resonant  standing  alactroaegnatlc  fleio 
to  transfer  Input  energy  efficiently  into  tha  coapoelt*.  ►  w  ► 

21  Tha  ability  to  select  an  appropriate  resonant  heating  soda  to  heat 
the  coBiposlle  uniformly. 
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31  Th9  ability  to  aalntaln  th«  saloctad  raaonant  heating  aoda  ta 
prevent  the  loss  of  resonance. 

'  This  pap^c  sueurtzee  the  results  of  aierewave  processing  af  epoxy 
resins  and  continuous  graphite  flber/epoxy  eaaposites  in  a  cylindrical 
tianabie  resonant  aicro%iave  applicator  . 


gjcperisent. 


Detailed  experiaental  procedures  and  the  associated  aierouave  syatea 
for  the  processing  af  poiysers  and  polyser  cosposltas  at  2.45  CSs  have  been 
described  elsewhere  tl.S.I3.lS.lSl.  Figure  I  shows  the  cylindrical  tunable 
resonant  alcrowave  cavity  used  in  the  processing.  The  cavity  length  Ls  and 
coupling  probe  length  Lp  can  be  adjusted  for  tuning  purposes,  i.e.  to 
generate  a  desired  elactrosagnetie  field  pattern  inside  the  cavity. 


9  :9Q 


[□ 

[D 

n 
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Fig.  I  Qlagras  of  the  cylindrical  tunable  alcrowave  resonant  cavity 

In  the  eicrowave  curing  of  poiysers.  a  thin  fils  technique  was 
developed  and  a  resonant  heating  node  was  used.  Two  epoxy  resins, 

stotchlosetrlc  mixtures  of  DCcSA  (Dlglycidyl  Ether  of  Blsphenol  A)/t3CS 
(4.4*-  0 las Inodl phenyl  Sulfone)  and  tXCTA/aPOA(«-Phenylene  Olamine],  have 
been  Isothersally  cured  for  various  lengths  of  tlae  at  different 
tesperatures  In  the  alcrowave  applicator.  Fourier  transfors  InfraredlFTIHJ 
apectro«copy(Porleln-Elaer  18SQ)  was  used  to  deterslne  the  extent  of  cure. 
Details  af  this  novel  thin  flia  technlqiue  have  been  reported  elsewhere 
(6.151.  A  parallel  theraal  cure  study  of  the  Base  epoxy  resins  was  carried 
out  for  comparison  of  the  reaction 
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In  Ui*  mlcFsu^vm  praeassing  of  coapoalta*.  th*  tap  ply  fl^ar  PlractlaR 
af  th«  saapaatta  .«■  artmitad  parpaadicular  ta  tha  caapilns  praea.  tha 
caaooattaa  «ara  ?.S  «a  aqaara  Ualaataa  aada  from  Sarculaa  AS4  Cgraphlta 
flber)/350l-4Capexy)  praprai.  tha  saaplaa  uara  placad  about  3.S  ea  abova 
tha  bottoa  plata  af  tha  cavity.  Raseitant  haatlsq  aedaa  vara  usad  to 
pracMS  tiM  laalaatas.  A  l«#  peuar.  swapt-^raquancy  aicrsmva  soursa  (raag* 
af  1.7  ta  4.3  SSzl  was  osod  ta  laeata  tha  rasoaaat  >»— ttw^  aada.  Far  a 
cartals  cavity  l«mth  aad  enqiiiac  praba  lancth.  earrwpeadlac 
alaetraaagbatle  flalds  8v«*  a  wida  fraquaney  raa^  wara  (anaratad  tha 

cavity.  For  a  jivas  laput  pewar.  tha  raflaetad  pawar  varlad  dapandlng 
tha  olaetroaasE^tle  flaid  pattams.  Tha  raFIaetad  pawar  at  aaeh  frsquancy 
waa  dlsplayad  at  as  oaellloacapa  la  a  eoatlauaus  pawar  aboarptloa  eurva. 

2*fa  po»«r  raftaetiaa  polat  was  uaad  to  Idoatlfy  raaonaaca.  Two  typos 
of  roaaaaat  haatlsf  aodaa.  psoudo^la^lo  (PS)  and  eontrollsd-hybrld  (CS) 
medmn,  wara  obMfvod  aa  tha  oseilXaseapa,  aa  shcnm  la  Flgura  2. 


(b)  psauda'Singla  aodo 


Fit.  2  Typical  resonaat  pawar  absorption  eurva 


Sovoral  rosonsnt  aodaa  (PS  and  CS)  at  2.4S  GHz  wars  usad  ta  proeaas 
coaposltos  using  ths  slngla  fraquoney  sourea.  Ho  praasura  was  applied  to 
tha  laalnsta  dtarlng  alcrswava  procaaalng.  Tha  Input  power  usad  ta  process 
24  ply  unldlractlonal  and  erossply  coaposltas  was  45  Uatts  and  40  Vlatta. 
raspactlvaly.  ta  an/off  alerowava  eaaxlal  switch  was  used  to  Ilait  the 
proesss  toaparattu-a  ta  IfiO'c.  Tha  total  proeaaa  tlaa  was  90  sinutas.  To 
aaliitaln  tha  mam  raKsast  haatlog  aada  during  tha  procaaalng,  cantlnunus 
flsa  tuning  of  tiM  cavity  laagth  and  coupling  proba  langth  uara  raquirad. 
This  was  accoapllshad  by  kaaplsg  tha  raflactod  pawar  balow  ono  pareant  of 
total  input  powor.  Tha  fine  tuning  waa  uasd  to  eoapenssta  for  tha  ehanga  of 
tha  coaplex  dlaloctrle  constant  resulting  frea  tha  change  of  saaplo 
taaperaturo,  axtont  of  cure,  and  flbar  valuae  fraction.  The  radial  oloctrlc 
flold  strength  along  the  axial  direction  90°  from  tha  coupling  probe  waa 
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»easur«d  during  th«  pracsaaln^.  Tour  taaparstursa  on  th«  lurftca  of  th« 
taalnato  viero  aoasur-d  ualn*  fluoroptle  probos  (Liuctron  TSOI.  Thanal 
procssaln*  of  both  24-ply  unidirectional  and  croaaply  eoapooltaa  usln* 
slallar  heating  rata  and  proceaalng  tlaa  waa  dona  for  coaparlaon.  Alao. 
unidirectional  and  croaaply  24-ply  coapoalte  lanlnatea  were  tharaally 
processed  In  the  autoclave  ualn«  the  aanuf aeturar’ s  sugseated  cure  cycle  for 
eoaparlson.  A  pressura  of  100  palj  was  applied  during  the  autoclave 
processing.  The  flexural  strength  and  aodulus  of  alcrowave  and  autoclave 
processed  conpoaltas  uare  determined  using  the  ASIM  0790  3-polnt  flakurml 
tast  aethod. 

The  concept  of  alcrowave  proeasalng  (HP]aodes  was  developed  baaed  on 
axperlaents  of  24-ply  laslnatadl.  Microwave  processing  sodas  are  defined 
as  the  resonant  aodas  which  give  a  uniform  spatial  temperature  profile 
during  processing  and  result  In  conpoaltas  with  high  flexural  properties. 
This  concept  was  applied  to  the  processing  of  72  ply  unidirectional  and 
croaaply  eoapoaltes.  The  extent  of  curs  distribution  In  the  alcrowave 
processed  72  ply  unidirectional  eoaposits  was  datarmlnad  by  Differential 
Scanning  Calariaatry(OSC] . 


Results  and  Olscisaion 

In  the  alcrowave  curing  of  polymers,  alcrowava  radiation  absorption 
occurs  primarily  at  the  location  of  epoxide  and  amine  groups.  Enhanced 
reaction  rates  Using  the  thin  film  technique  were  observed  in  alcrowave 
curing  when  coepared  to  those  of  thermal  curing  as  shown  In  figure  3.  A 
significant  increeee  In  reaction  rate  has  been  observed  In  the  OCc3A/OOS 
system  while  only  a  slight  Increase  has  been  observed  for  DCZ3A/a?0A. 
Hlorowave  effects  are  higher  for  DCcSA/tDS  eyetem  than  In  DCcHA/nPOA  becauae 
DOS  haa  a  higher  dipole  eoment  than  sPOA.  The  details  of  alcrowave  effects 
on  the  curing  of  epoxy  rosins  have  been  reported  slsewhore(6l . 
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figure  4  jho«5  lh«  8easur;d  flexural  prsoertlea  at"  alcrs«*v*  and 
thersaily  prac-ssed  24-cr3ssply  AS4/3S01-4  caapasltea.  Th*  flexural 
properties  of  El-pi’/  unidirectional  composlleg  have  been  reported 
elsewhere!  101 .  These  results  shov  that  both  crassply  and  unidirectional 
AS“»/3S0l-4  coaoosltes  can  be  successtully  processed  In  the  tunable  resonant 
cavity.  The  flexural  properties  of  slcrowave  cured  coaposUae  were  found, 
however,  to  be  strongly  dependent  an  the  procseslng  aoda  used. 
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Fig.  4  Flexural  properties  of  alcrowave  and  thersally 
processed  24-srosaply  AS4/3S01-4  coaposltae 

Figure  4  shows  that  alcrowave  processing  Is  a  proalslng  technique.  The 
highest  flexural  strength  of  unprassurlred  alcrowave  processed  coaposlto(724 
MFs)  la  more  than  two  tlaes  of  the  strength  for  the  unpressurized  thermally 
processed  coBposlta(0t4  MPa).  The  unpressurized  alcrowave  processed 
coaposltes  show  coaparable  flexural  strengt.h  to  those  of  pressurized 
autoclave  processed  laaplesOl?  MPa).  Figure  4  also  shews  that  the  orossply 
eosposltes  processed  In  a  ?S  resonant  heating  aode  (such  as  at  Lo  “9.190* 
and  14.13ca)  have  relatively  lower  flexural  properties.  Only  those  crassply 
coaposltes  processed  In  certain  G(  aodes  (such  as  £.C“9.9S  ca  and  9,40  e») 
have  high  floxursl  properties.  High  flexural  properties  were  directly 
related  to  a  uniform  teaperaturo  profile  during  alcrowave  processing!  1 1  • 
Teapersture  profiles  were  controlled  by  the  electric  and  magnetic  field 
patterns  of  the  resonant  heating  aoda  which  corresponded  to  the  cavity 
length  and  coupling  probe  lengt.h.  Previous  results  also  showed  that  only 
certain  QI  modes  have  the  proper  electric  field  patterns  to  result  In  a 
uniform  teaperature  profile  during  .alcrowave  procasslngl 1 1 .  Microwave 
processing  (HP)  modes  srs  defined  as  the  resonant  heating  aodes  which  give  a 
uniform  spatial  tesperature  profile  during  processing  and  result  In 
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Flgura  5  atroBfiy  auggasts  a  unlfana  pawar  absorption  rata  an  surfacs. 
Tha  hlgbor  Initial  uid  final  Intarlor  teaparatura  say  bo  dua  to  hlgbar 
Interior  power  absorption  rata  or  tha  coablnatlon  of  surface  heat  loss  and  a 
higher  Interior  power  absorption  rata  of  tha  coaposlta.  Figure  S  also 
deaonstratas  that  tha  strong  exotheralc  excursion  can  ba  controlled  during 
the  alcrowava  processing  of  thlck-saetlon  graphite  flbar/epoxy  eoaposltas. 
Figure  6  shows  the  cross-sect  Iona  i  extent  of  cure  distribution,  as 
dateralned  by  0^.  In  tha  alcrowava  procaased  7Z-ply  unidirectional 
coaposlta.  A  uniform  distribution  of  tha  extant  of  cure  Is  observed  throu^ 
tha  craaa  section. 


Fig.  S  Extent  of  cure  distribution  in  the  cross-section  of 
alcrowsve  processed  72-ply  unidirectional  coaposlta 


inclusion 

Two  epoxy  realna.  stolehloaatrlc  alxturea  of  DCE3A/aF0A  wid  KSBA/SDS. 
have  been  cured  in  the  tunable  cavity  at  2.45  Clx  using  a  mode  and  a 

thin  flla  technique.  Increased  reaction  rates  and  higher  extents  of  cure 
were  observed  In  alcrowava  cared  saapias  as  compared  to  those  of  eras 
cured  saaples.  Tha  effects  of  alcrowava  radiation  on  tha  curing 
thermosetting  polymers  were  found  to  be  a  function  of  the  dipole  aoaen  s  o 
the  aonomer  and  the  curing  agent. 

Craphlte/epoxy  coapoattea.  24-ply  croasply  and  T2-ply  imldlrectloMl 
and  croasply,  were  successfully  processed  In  the  tunable  resonen  cav  y. 
■jjjj  f|gj(ucal  properties  of  processed  coaposltes  were  strongly  depen  en 
the  electfoaagnetlc  field  pattern.  Coaparable  flexural  properties  were 
abserved  between  unpressurized  alcrowava  processed  ceapoelte*  and 
preseurlzcd  autoclave  processed  saaplea.  The  concept  of  microwave 
processing  (HP)  modes  was  described  and  the  procedure  for  the  selection  oi 
such  aodes  was  described. 
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2i3CT3CHJw:Hsrrc  phocsssxhg  of  pocaeast 

I.  3ASXC  CSHCiFTS  AMO  HOZ^OItAX  DESXCH  OF  TS2  HACSQMOiaCOLSS 
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AasTiucr 


Hicrawava  pracaaalo?  Iiaa  baan  seXlised  ta  proceaa  iharaosac^iag 
polymafic  aacazXaXa.  Spaciiicaiiy,  iundaaaacaX  aeiidiaa  calacXag  apoxy 
sacwocA  fanasasXaa  zo  procaasia^  eaadXaXana  iiava  baaa  iavaaci^acad  la  a 
taaabla  eyliadriaal  cavity  oparaclaq  at  a  iraquaacy  af  2. <3  GHr.  Thasa 
•tudlas  daaoaacrata  tbac  fully  curad  aacworAa  caa  ba  ?eaaracad  la  tan 
aiaucas  wLta  tba  reteatioa  a£  good  aacftanlcai  properttaa.  Purtberaora, 
taugfteaad  apoxy  aysteaa  whlcii  ucilite  safefully  desigaad  aaiae  taralaated 
poly (airylana  aebat  aulfona)  tbarsoplastlsa  as  ceactiva  sltgoaats  bava 
raaultad  la  noval  pttaaa  aaparatad  aorphologlaa.  In  fact,  it  b*a  baan 
daaonatratsd  that  tba  aocpnology  la  tbasa  aultiphasa  ayscaos  can  actually 
ba  cantrallad  by  utiliaiag  aicrawava  pcocasalag.  Siaaaleiaida  taughenad 
tyataaa,  davlaad  by  alailar  scracaglas,  Save  daaonatracad  a  10-20  fold 
raductioo  la  tiJa  tiaa  caquirad  to  acblava  full  cues. 


rM7SODUC7:ON 

Tha  ucilisasiaa  of  alerowava  cadiacion  to  prscesa  polyaertc  aatariala 
has  baan  daaonatratad  la  our  laboeatory  [l-3l  and  alsawhate  £9-131. 
Accalacatad  raaction  ratas  hava  baan  rapoctad  in  aany  systams  such  as  apoxy 
rasins  £1,3,9-11 1,  iatdisation  raactiona  £4l,  croasiiaAiag  raactlons  af 
tarainally  fuactionaiiiad  thacaoplastica  £1,21,  and  aretbaaa 
polyBacisations  £151.  TSa  aachanlsa  of  tba  acsaleratsd  raaction  races  Is 
aacartaia.  Microwava  radiation  (MR)  uallAa  higbac  snaxTy  fax:**  oS 
radiacioa  la  aot  anargetic  enough  to  causa  Ionisation  or  chain  scission  la 
polyaaric  aacarialsj  thus,  cha  chaaistry  which  occurs  nay  ba  tdeacicai  to 
Chat  observed  during  conventional  tharsal  processing.  Two  propoaa  s  *  ava 
been  put  forth  to  explain  the  enhanced  reaction  races.  The  first 
actrlhutes  the  eccoleration  to  the  novel  nachenisa  of  energy  transfer  wi»h 
eieccroaagnacic  procaeelng.  Typically,  polyaars  are  proceaead  ^  a  tharM 
anvlronaant  where  heat  la  aiowly  conducted  f  ron  the  saaple  ^uadary^  to  the 
saapla  Uterlor.  Microweva  radiation,  alternatively,  reeuita  in  ua-.ora 
and  rapid  voluaatric  heating  due  to  t.he  iataractioa  of  .ha  a  ^-.oasagn^ 
radiation  with  the  parsanant  dipole  aoBaats  in  the  poli««x.  —  «*,  po  ya  - 
can  ba  heated  significantly  faster  while  aaintaiaing  9ood  tharaal 
uaifaraity.  the  second  proposal,  put  forward  by  Uwis  at  al. 
attributes  the  accelerated  reecclon  rates  to  locailced  heating  on  ..  a 
atomic  level.  TSia  peeculata  waa  based  on  Atactic  studies  o  a  ao  a 
solution  laidlration  reaction  and  predicts  a  ceapecicure  anhancesent 
the  dipole  momenta  which  couple  with  tna  radiation.  The  loca-— .e 
temperature  enhancement  corraaponda  to  approximately  SO  C. 
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Nle;9w*v«  9roe«asla9  oiJars  «  .iujai>ar  ot  potanciAl  advaara^aa  aaar 
eonvantianaX  tiiaraai  proeasaia?.  ?oiyni«rte  aatarlaXs  saa  b*  eaced/haacad 
aoca  wiiacaly  siicau^h  tiiicle  craaa-aaeaXaaa  dua  ta  tiia  Larja  panatratiaa 
dapcjj  oe  aXacars-a^natic  radiation.  Uniioni  haatia?  oC  tiiia  typa  aay 
caault  la  a  raduction  of  raaidnai  .traaa  asaoeiaead  sharaai  jradlanta 

during  proeaaain?.  OCAac  advaaeagaa  ineiuda  liTnidicaatiy  redoead  otra 
™*a  Lo  thacaoaata.  iacraaaad  tArou^hput.  and  t&a  posaiAiiity  of 
iubataatiaiiy  raduead  eaplsai  and  oparatia^  eoacs.  Oaaplea  ttaaa 
advaata^as,  CAara  haa  baaa  ilaitad  ooaaaaretaiisaeiaB  of  sAia  tacaalqaa, 
sinea  cAara  ramaiaa.  m*  yae,  ao  lyacanaeie  aaaalaatiaa  of  sAa  crlfticai 
paraaataca  ;a<^irad  for  good  proeaaa  eoaeroi. 

ta  tAla  iaaaaeigation.  tha  affacc  of  ms  oa  tavarai  high  parfotaaaca 
polyaarte  syaeaaa  has  baaa  •cudiad.  Spaelfieail/,  tha  eroaaiiaklag 
caacsian  kinaaipa  of  poiy(arylaBa  aehar  katana)  baaad  tharaoaatting 
^•i**«i«ialdaa  wara  Laaaatigatad.  Qalag  eonvaatioaai  proeasaiag  taebaoiogy, 
tha  core  slaa  ia  SAia  systaa  ta  »ary  Long,  raatrictiag  aany  appiicationa. 
Howavar.  atth  HR  proeasaiag  tha  long,  eaaplax  curiag  eyela  raquirsd  for 
optiaisatiaa  of  aacAanieai  propartias  aay  ba  saABtantiaiiy  raduead. 

Tba  tffact  of  aterowava  radiation  on  tharaopiastls  tougAanad  apexy 
raaia  lystaaa  baa  aiao  baaa  iavastigatad.  ?bia  (yttaa  has  daoonstratsd 
tignifieaat  anhaaeasMnts  ia  fraeturs  toughnaas  ovar  tha  neat  apoxy  ceaina, 
ahila  itill  retaining  tha  aoduiua  and  high  taaparature  parfomanea,  which 
la  in  contrast  to  rubber  toughened  epoxy  resins.  In  this  paper,  HR 
proeesaing  haa  been  utilised  to  control  acrphoiogy  by  acseierating  the 
•po*ide  taaction  and  quenching  aocphoiogicai  dawelopoent  at  gelation  prior 
to  complete  phase  separation.  Control  of  this  type  aay  be  very  iapoctant 
ia  toughened  epoxy  resin  networks  since  aaterial  properties,  espactaily 
fracture  toughness,  are  strongly  dependent  on  aorphology. 


EXRSRIHWrJH, 

The  equipaeat  utilised  for  alcrowave  processing  is  shown  scheBaticaiiy 
in  figure  I.  It  consists  of  a  Raytheon  aagnetron  that  generates  continuous 
microwave  energy  at  a  frequency  of  2.4S  cas.  A  tunable,  cyiindrlcai  {17  c= 
diameter)  brass  applicator  [191  resonating  in  the  Tt,,,  mode  was  utilised 
for  the  processing  experiments.  Tbs  incident  and  reelected  radiation  was 
monitored  via  power  meters  so  the  impedance  mismatch  in  tha  applicator 
could  be  corrected  and  the  critical  coupling  maintained  as  the  ditiectric 
properties  of  the  polymer  chsngad  during  proesasiag.  Temperature  was 
monitored  eontinuouaiy  by  fiber  optic  fluorescence  tensors  at  several 
posltlona  within  the  samples. 

Tberaesetting  bismaleimides  based  on  bisaaleiaidodiphenyimetAane 
(BHI),  maieimide  terminated  paly(acyicne  ether  )tet3ne)B  oligomers  (>tI-PSR) 
(<Ma>-5,4CO)  and  blends  of  BMI  and  HI-P2X  ( rigurt  2)  were  processed  from 
thin  C  I  am)  cold  pressed  powder  samples  isothecoaiiy  at  Z20  C.  RlgA 
processing  powers  (“40  to  SO  watts)  were  needed  to  heat  these  materials  due 
to  their  low  dielectric  loss.  After  irradiatioo,  tampies  were  extracted  in 
a  sQxhlet  apparatus  using  cAlocofoca  as  a  solvent  ta  determine  the  percent 
geiation.  for  coetparative  purpoaes  •thermal*  cures  were  conducted  in  s 
forced  sir  convection  oven  snd  extracted  in  a  aimilsr  mannac. 

Theraoplastic  modified  epoxy  resins  were  prepared  by  reacting 
recryscaliisad  0CZ3A  (diglyeidyi  ether  of  bisphenol  A)  epoxy  resin  (DfR 
332)  with  sn  aalno  functional  poly(srylene  ether  tuifone)  (PSF)  oligomer 
possessing  a  number  average  molecular  weight  of  IS, 000  gm/moie.  The 
croasiinXed  network  was  prepared  by  reacting  0CS3A  in  a  2ii  molar  ratio 


229 


Aitanuaiar 


•ttA  ;aap«<r:  S3  sli«  ?Sy  aliqomar  and  a  curing  a^nnt,  4,4'- 
dlaalnodlphnny laul^ana  (OOSl  an  shown  In  flqvrn  3.  7h«  aediiled  apoxy 

rsaisa  <era  pmceasad  at  -/artabla  aicrawava  powara  ranging  from  7.5  to  35 
watts  ;ar  -/asious  tiaa  internals.  Tha  aaxisraa  teaparatora  achiavad  far  ail 
tta  cared  systana  was  "250*0.  ?arsant  convarston  was  datarainad  otiliring 
a  3u?ant  iiiferantiai  scanning  calorioeter  (Model  312}  at  a  heating  rata  af 
iO’l/ain.  for  rcaparativa  purposes  naeworJes  ware  also  cured  tijaraaily  ae 
13Q*0  for  two  hours  and  postcured  at  240*0  for  L  hour  in  a  forced  air 
eonvaetion  owah.  Tha  aorphology  o£  tha  raaaiting  aiesophasa  aaparatad 
theraosats  was  iavastigatad  using  scanning  eiaetsoa  sieroscapy  (SZM).  SS4 
sierographs  wars  taken  using  an  Intarnationai  Seiantifie  InseruMnc  Modal 
SX-40  with  an  electron  baaa  toltaga  of  15.000  volts. 


itssuLTs  AMO  arscrossicM 

it  has  baan  proposad  [201  that  bisnaleisides  ondargo  an  addition 
polyaarisation  at  eleaated  taaparaturas  via  a  free  radical  sachanisa  to 
ganerata  a  croesl inked  natwork  as  shown  in  figure  4.  Tha  Isothamai 
(222*0}  aicrowaaa  curing  bahaalor  of  SMI,  MI*PS3C,  and  their  respactiva 
50/'0  weight  percent  blend  is  shown  in  figure  5.  Insoluble  networks  ware 
generated  as  exeaptified  in  this  plot  in  as  little  10-20  ainutes  enploying 
MR  processing.  In  fact,  tha  curing  rata  was  further  accelerated  by 
inertasing  tha  amount  of  the  lower  aoleeular  weight  SMI  coaponent.  This  is 
proaably  due  to  s  csabtnation  of  two  factorsi  (i)  «*  aoleeular  weight 
decreases  the  weight  percent  of  the  reactive  functional  endgroups 
increased;  and  (ill  as  aoleeular  weight  decreases,  the  aeit  vvseosity 
decreases,  thus  there  is  an  increase  in  mobility.  Soth  of  these  factors 
would  be  expected  to  be  important  in  a  diffusion  controlled  theraoeecting 
reaction.  However,  they  are  especially  significant  in  MR  processed  systems 
since  aicrowave  absorptivity  increases  wit.h  both  a  higher  eentent  of  polar 
groups  (i.e.  aaleiaide  endgroups)  and  enhanced  aobility. 

The  themally  processed  btsnmletmides  exhibited  a  slallar  trend  to  the 
■icrovave  cured  specimens  as  shown  in  figure  S.  An  acceleration  In 
reactivity  was  observed  as  the  molar  mass  between  the  reactive  endgroups 
decreased.  Comparison  of  figures  S  and  S,  however,  demonstrates  the 
enorsous  capabilities  of  MR  processing,  with  MR  curing  complete  gelation 
was  reached  In  only  10-30  minutes  as  opposed  to  I-IO  hours  for  thermally 
processed  btsaaleimides .  This  represents  up  to  a  10  to  20  fold  reduction 
la  the  curing  time. 

Microwave  processing  has  also  been  employed  to  process  chermoplastie 
toughened  epoxy  resin  networks.  Typically  brittle  epoxy  resin  networks 
when  employed  la  structural  applications  are  toughened  by  the  Incorporation 
of  a  second  component  which  microphase  separates  during  curing.  Toughness 
enhancement  is  strongly  related  to  the  morphological  structure  of  the 
resulting  network.  The  actual  mechanismCs)  for  the  increased  toughness  is 
still  greatly  debated  [20-24}.  However,  it  is  generally  believed  that  the 
enhancement  is  either  due  tn  the  high  tear  energy  of  the  discrete  phase 
(i.e,  rubber  or  t.'jermoplastic)  [21}  or  possibly  due  to  plastic  shear 
yielding  In  t.he  vicinity  of  the  crack  tip  which  increases  the  sire  of  the 
plastic  rone  and  blunta  the  sharp  crack  [22-24}.  The  tougnening  ef.ee.  is 
most  likely  a  combination  of  all  the  mec.haniams  listed  above;  the  moat 
prevalant  of  wnich,  however.  Is  unique  to  the  particular  ayaceo. 

It  has  been  demonstrated  in  our  laboratory  (SI  that  an  3-10  fold 
enhancement  In  the  curing  races  of  epoxy  resin  aerworke  can  be  achieved 
with  MR  processi.ng.  In  C.he  current  investigation,  an  epoxy  resin  baaed  on 
DCZ3A  and  OOS  was  aodifled  with  15  weight  percent  of  an  amino 
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?i9uc«  3,  Synzhmmt*  at  tJi«caopl*atis  aodlflad  apoxy  raaia  aacvorSea. 
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^Ifttra  4,  Scliamasls  rapraaanueion  o£  tha  hiaaalalalda  cftaraall/  taducad 
tsmm  radical  croaaiinieing  raacciss. 
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Flqur*  S.  IsoeiMnul  (22Q*C]  aierowav*  earin?  b«h«vior  aC 
blcaalclaldodiphanylaachan*,  uXalaid*  taraiaacad  poly(aryIaaa  atbar 
kacoaa)  and  thair  SO/SQ  wal^ha  pareane  bland. 


TIME  (HOURS) 

Flyura  S.  Tbaraal  caring  bahavlor  at  btaaalaijatdodlphanylaathana,  aaiaiaid 
taraiaacad  poi/(arylana  acbar  bacona)  and  thair  50/50  aaight  parcane  bland 
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I'uiilll  iiclwuiku  will)  wttuuMsvt:  |i|  iiciiaii  iiitj  (U<if  “  *l.i  WMil  . 


funecloMlisad  ?oXy( arylana  vchar  salfoaal  (?S7)  aLi?eaar  (?li7«ra  3). 
ehis  syscea  s.‘ia  ?s?  alXgeaar  ial^lalXy  ;!ona  4  heaaganaoua  alxcara  vl£& 
aanoaarle  «pazy  reaqanc  ba£ara  .mdac7ain9  ta  La  «lsa  phaaa  sapacaeioa 
precBsa  durla?  cucla?.  Phaaa  saparacian  La  UsataadynamiaaLLy  pceaogadt 
howavar.  Lb  La  caneraLlad  by  tha  aompatiLn?  affacbs  a£  LaeanpaCLbLliSy,  rabs 
o£  bbcLaabian  and  ?rawbb.  and  bba  (^aaeftlap  a£  aecpliaio^leal  daaaLapaanb  by 
^aXaciaa  C  25  I  . 

AecaXasaead  HS  procaaaXn?  baa  baan  aapXayad  la  bbia  iavaablfablaa  ba 
eanbraX  bba  aorphoXa^ieaX  abracbara  by  eantraXlia?  bba  nba  ae  whicb 
^aXatlon  La  raacbad,  aXnea  phaaa  aaparaelon  La  halbad  ae  bba  jaX  poLae. 
SeaiiaXn?  aXacbran  aXeraacapy  (SSf)  raattiba  ahowe  La  riiyara  7  eXaarly 
daaonseraca  bbae  aarpbaXo^LeaX  soneroX  wlbh  vacLabXa  powar  procasalnp  La 
faaalbXa.  Xndead,  Xaa  powar  (7.S  wabba)  Qt  proeesainp  ylaXdad  aabvarba 
tabLbXbin?  aarpboXa^Laa  bbae  wasa  anaXogoua  ta  bbaeaalXy  citrad  syscaaa  wLb.*: 
approxLaabaXy  O.a  ua  apbaraa  of  PST  aaanly  dXaparsad  La  bba  epoxy  ceaLn 
aatrlx.  TbLa  au^aabad  thae  an  a^ivalenb  da^rea  a£  phasa  aaparacien  was 
aebXawad  wlsb  bba  bwo  proeaasLb?  baebnlqttas.  Bowawar,  as  powar  was 
Lnereaaad,  Jar  axanpLa  bo  IS,  25  or  35  wares,  bba  aorphoXogy  baeaaa  lass- 
dafXnad.  In  Jaob.  bba  nabworka  carad  ab  35  wabbs  Jor  bwo  aiaubes  shared 
libbXa  bo  no  phasa  saparabion,  whlla  bba  nabvorJts  aerad  ab  powers  of  15  ar.c 
25  wares  daaonsbrsbad  LabarsadLaba  dapraas  a£  phaaa  saparabion. 

Bssanbially,  phaaa  saparabion  is  tbataodynaaXcally  Jaworad  bur 
coneroXXad  by  'xiaabiss.  Mibb  high  powar  processing  bba  ‘xiaebiea  of  phase 
taparacLon  eannob  coopaea  with  bba  Laereasad  reacei^iby  and  ebe  aorphology 
dawalapBienb  is  quenched  due  to  gelabion.  Thus,  the  resulting  aorphologias 
ware  Lnconplebely  phasa  saparaced  (or  phaaa  sixed)  as  has  baan  deaonscrsts' 
previously  in  our  laborabory  with  dynaaXc  aechanicsX  ehersal  anaXysLs  [3i. 
MorphaXoglcai  csneroX  of  this  type  aay  ba  critical  to  the  optiaisablon  of 
aachanXeaX  proparey  parfomanca  in  boughenad  epoxy  resin  networks. 


coNCiasiaNS 

Microwave  processing  has  baan  affectively  utilised  to  process 
polyaaric  aacarials.  Aceelarated  reaction  rates  have  been  observed  in  nan 
reactive  tberaosaeting  sysreas  such  as  bisoaXeiaides  and  epoxy  resin 
networks.  The  10-20  fold  reduction  in  the  biae  required  to  achieve  full 
cure  aay  be  advancageeus  in  reducing  tbe  long,  complex  cure  cycles  of  high 
perfotaance  bharaosebs.  Furtheraora,  aorphologisai  control  La 
bbaraoplaabic  aodiflad  epoxy  resin  networks  has  bean  achieved  with 
acealaraced  MR  processing,  since  aorphoiogical  devalopoant  is  quenched  at 
gala bios. 
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ABSTRACT 


%a  aicTOwava  haaeability  at  varioua  tharsopiascie  poiyaars  was 

invaarigacad.  Tha  eaneape  at  oierowava  caioriaacry  was  proposad  to 

guancitarivaly  iliuatraea  how  viseoalaaeic  hahavlor  conrroLIad  aicrowave 

haaiabiliey.  Spaci£ically,  haaeing  rata  as  a  function  of  aaapia 

taaparatura  ravaalad  a  distinct  aaxiaua  which  was  idantifiad  as  tha  Tg  at 

2.4S  CBS.  Tha  critical  taaparatura,  T  ,  nacessary  for  rapid  aicrnwava 

haating  was  idantifiad  by  drawing  a  tangant  to  tha  heating  rate  curve  and 

extrapolating  to  a  critical  value  at  saro  heating  rate.  In  separate 

axperlaents,  low  fraquancy  (100  IcHs)  dielectric  aeasurenenta  were  nade 

which  show  the  frequency  dependence  of  Tg  by  seans  of  Arrhenius  activation 

energy  plots.  In  general,  the  larger  the  activation  energy,  the  closer  the 

critical  heating  teaperature,  T  ,  was  to  tha  Tg  dacemined  by  DSC.  Tha 

taaller  Che  activation  energy,  ihe  further  dielectric  loss  shifted  with 

increased  frequency  so  that  T  was  very  far  fros  Tg  detarsined  by  DSC. 

c 


INTRODUCTIOM 

Microwave  radiation  in  tuned  waveguides  has  been  successfully  used  to 
process  ouBacous  reactive  [i-*i7l  and  non-raactive  [17-221  polymers.  In 
this  paper,  a  batter  understanding  of  microwave  processing  of  non-reaetive 
systems  was  achieved  by  using  the  proposed  concept  of  microwave  calorimetry 
in  conjunction  with  low  frequency  dielectric  meesuremants.  Thia  cachnique 
was  conesivad  basad  on  Bquatioa  1  for  capaciciva  haating  of  non-reactive 
polymers  [23 It 

dT/dt  -  r  a  B^e'  (T1  tan  4^  (T)  /  P  C^  CU 

whsra  dT/dt  •  heating  rate,  K  «  constant,  u  •  applied  frequency,  p  “ 
potymar  density,  C  «  heat  capacity,  £  •  electric  field  strength  and  (c* 
tan  4  i  •  dielectric  loss,  assuming  absence  of  convection  losses  or 
conductive  heating.  Since  the  sample  heating  rate  was  directly 
proportional  to  the  dielectric  loss,  low  frequency  dielectric  aoalysas  were 
conducted  to  predict  the  shift  of  the  dielectric  loss  lata  the  aicrowave  ^ 
region.  The  presence  of  this  celaxacion  is  necessary  for  the  conversion  o. 
eiaetricai  into  thermal  energy. 

Tha  dipolar  dialactrie  lose  of  polymaric  materials  dapaads  vary  strongly 
on  tamparstusa  and  fraquancy  [24-261.  Schematically,  Figure  I  depicts  tha 
temperature  and  frequency  dependence  of  tha  T^  (a  transition J  end  a  lower 
taaparature  secondary  transition  (5  transition! .  Aa  frequency  is 

Mat.  Sec.  Symp.  Proc.  Vol.  HR.  *19*1  Malartslt  RMaaren  Socialy 
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laerMaad,  ei>*  S  transltJLoa  ahifta  to  tiLgltmr  taaparatnra  oaeli  ooro  rapidly 
tiiaa  ciia  s  traaaltioa  doas  dua  to  tha  lowar  aceivatioa  anar^  proeaaaas  ot 
cha  S  traaaitioni  howaaar,  aach  polynar  poaaaasaa  Ita  o%«n  aetiratioa  anar?y 
dapandin?  upon  tha  saqaituda  o£  tha  latarooXaealar  aad  latraaolacalar 
ioreaa.  3y  aaaaurin?  tha  dielaetria  loaa  tangaat  (taa  $  )  as  a  fuactioa  of 
teaparatura  at  variooa  Sxaqnaaeiaa,  oaa  caa  eonatmet  Arzhaaius  plots.  Tha 
slopa  o£  such  plots  la  proportional  to  tha  anar^  o£  aetitatioa  (AS  «  - 
2.103  K  •  slopa)  Cor  a  particular  ralaxation  phaaaoanoa.  As  saopla 
caoparatuza  laeraaaaa.  tharaCoza,  tha  dipolar  disparsioa  paaJc  ahiCts 
Curthar  into  tha  aiezowaaa  ration  tharaby  proaidlap  a  aachaaiao  toe 
laeraasin?  tha  haatia?  rata.  Tha  rata  at  which  tha  disparsioa  paaJc  shiits 
toward  tha  aiczowawa  ration  iadieataa  tha  potaatial  aiczowawa 
procasaability  and  how  Jar  tha  critical  taaparatuza  Car  aierowava  haatia?, 
T^,  la  Croa  tha  T  as  aaasurad  by  DSC.  la  this  study,  tha  Arrhanius 
activation  aaarTy’oC  tha  glass  transition  was  obtaiaad  Croo  tha  depandanca 
oC  dipolar  dialaetrie  loss  on  Crequeney  and  teoparatura  as  aaasurad  ny 
axpariaantally  eonwaaiant  dialaetrie  tharaal  analysis. 

In  aapazsta  aierowava  ealoriaatry  azpariaants,  tha  heating  rates  o£ 
various  polyaars  upon  ssposuza  to  sUczawava  radiation  wars  aaasurad.  A 
plot  at  hasting  rata  varans  saapla  tamparaturs  yields  a  curve  having  a 
aasiauB  at  tha  taaparatuza  which  corrasponda  to  tha  polyaar’s  T  at  2.45 
sat.  Drawing  a  tangent  to  tha  side  o£  tha  curve  baCora  T  and  ^ 
extrapolating  to  zero  heating  rate  supplies  tha  critical  teoperatura,  T^, 
which  identiCies  when  tha  dielectric  loss  paaJc  enters  the  saz  region  an3 
provides  a  nechaniso  Cor  rapid  sicrowava  heating.  These  aierowava 
calociaetry  results  (T  and  T  at  2.45  sar)  were  combined  with  the  low 
Creguency  dielectric  seasuremSnts  oC  the  Arrhenius  activation  energy  to 
predict  sierowave  heatability  oC  various  tharaoplastic  polymers. 


cxpsaiMEirrAi 

The  microwave  processing  equipment  was  assembied  in  three  basic 
cooCigurationa.  The  Cirst  two  conC durations  utilised  a  rectangular  (WR 
284)  waveguide  coupled  to  a  Raytheort^  (model  PCh-lOXl )  85  watt  source 
operating  at  2.45  CBz.  Only  one  mode,  the  propagates  Jreeiy  in  the 

rectangular  WR  284  waveguide.  The  node  ms  an  electric  Cield  vector 

(B)  which  has  only  one  component,  linearly  polarized  parallel  to  the  narrow 
Caces  oC  the  waveguide,  produc^g  a  maximum  midway  through  the  cavity.  By 
connecting  a  tecainatcr  (Narda^  model  369BNr)  to  the  end  oC  the  waveguide, 
as  shown  in  Figure  2,  a  low  electric  lield  strength  traveling  wave  waa 
generated.  A  sliding  short  (Miccolab^model  S630C)  aCCixed  to  the  and  of 
the  waveguide,  illustrated  In  Figure  3,  redacted  the  wave  beck  and  Corth 
through  the  sample  resulting  in  a  standing  mode  wave  which  produced  an 
electric  Cield  strength  considerably  higher  than  in  the  traveling  wave 
mode.  In  the  case  oC  tha  rectangular  waveguide  eoaClgurations,  a  strip 
heater  was  Castened  to  t.*ie  exterior  oC  the  waveguide  to  heat  the  sample  to 
the  desired  initial  temperature  to  shift  the  dielectric  loaa  closer  to  the 
microwave  region.  The  t.*»ird  waveguide  conJiguration,  shown  in  Figure  4, 
utilized  a  cylindrical  cavity  18  cm  In  diameter  operating  in  the 
and  was  designed  and  constructed  at  .lichigan  State  Oniveraity  (271.  In  all 
cases,  sample  temperature  waa  monitored  via  a  Cluoroptic  temper^ure  probe 
connected  to  a  Laxtron  (model  750)  Fluoroptic  Thermometry  Syatem^.  Input, 
redacted,  and  in  the  case  q£  the  traveling  mode,  tranamttted  powers  were 
recorded  via  Hewlett  Packard  (model  4353)  power  meters. 

Table  1  acmmLacizee  the  glasa  transition  temperaturea ,  plattan  pressing 
temperatures,  aad  auppliara  oC  tha  theraoplaetic  polymaca  used  in  this 


Flgusm  I.  Seii«a«&ie  dapiesion  of  th«  frequency  end  cempecaeure  dependence 
of  dielecsrle  loae  for  polynerie  aeteriele.  The  low  ecciverlon  energy  S 
ereoaltion  ehifrs  co  hlgber  taaperacurea  fencer  cCen 
the  a  cranslcioa  ea  frequency  Inereeaea. 
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Flquza  2.  Klerowava  eonf  IgurecXoa  for  proeaaalsg  vie 
a  erevalllag  wave  soda. 
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4.  Cyl LndrieaJ.  applicator  foe  aderowava  procaaain?  la  tha 

Btaadiag  soda. 
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•tudy.  All  poIyMrs  war*  driad  iot  14  hrs.  under  vacoua  ju*r  balow  tbalr 
raspecrlv*  ?  'm  prior  so  us*.  7ha  samples  consiseed  of  pressed  films  (0.3 
So  0.3  am  is^shicknass )  aeackad  togashar  so  produce  0.4  cm  shick  blocks 
which  were  placed  isso  teflon  cylinders  (1.2S  cm  ID,  1.6  cm  OD,  and  2.9S  cm 
height)  for  microwave  processing. 


Dielectric  thermal  asalysas  (orTA)  were  parformed  uting  a  ?slymer 
laboratories  OSTA  over  the  frequency  rang*  of  0.1  to  100  kHz.  Therael 
scans  were  obtained  from  -ISO  to  300*C  at  a  heating  rat*  of  2*C/min.  using 
33  mm  diamater  stainless  steel  electrodes  covered  with  aluminum  foil. 
Nasima  in  the  loss  tangent  traces  ware  used  to  identify  the  ?  as  a 
function  of  frequency.  ^ 


P 


ussnts  Km  discussxom 

thm  basic  heating  rat*  equation  for  thermoplastic  polymers  (Equation  1) 
requires  shat  both  the  electric  field  strength  and  the  dielectric  loss 
properties  be  sufficiently  large  to  obtain  rapid  volumetric  heating.  The 
processing  of  PVAc  in  both  the  traveling  and  standing  mode  applicators  was 
conductad  to  illustrate  how  microwava  heatability  dapanda  upon  th*  electric 
field  strength.  The  temperature  of  PVAc,  shown  in  Pigure  S,  increased  very 
little  for  the  first  20  minutss  of  Irradiation  at  SO  Macta  input  power  in 
the  traveling  waveguide  (see  Pigure  2),  even  at  elevated  starting 
tsmperatures  induced  hy  a  strip  heater  to  enhance  microwave  absorptivity. 

Increasing  the  electric  field  strength  by  utilising  the  standing  mode 
applicator  (see  Pigure  3)  resulted  in  s  rapid  increase  in  saople 
temperature  from  30  to  200*C  within  7  minutes,  as  seen  in  Pigure  S.  The 
rate  of  rise  in  sample  temperature  (dT/dt)  for  PVAc  in  the  standing  wave 
applicator  was  recorded  as  a  function  of  temperature,  as  shown  in  Pigure  7. 

Above  a  threshold  temparature,  designated  as  the  critical  temperature  for 
microwave  processing,  T  ,  the  sample  heating  rate  increased  very  rapidly. 

The  critical  temperature  corresponds  to  the  temperature  at  which  the 
dielectric  loss  peak  just  enters  the  microwave  region  where  loss  mechanisms 
transform  the  electrical  energy  into  thermal  energy  (see  Pigure  1).  ^The 
heating  rate  reached  a  maxima,  however,  and  decreased  once  above  ISO  C. 

Since  the  heating  race  is  directly  proportional  to  the  dielectric  loss,  the 
maxima  corresponds  to  the  T  of  PVAc  at  2.45  GHs.  Above  tne  T  ,  the 
heating  rate  decreased  due  ?o  the  inefficiency  of  coupling  in  J»e 
electromagnetic  radiation  as  the  fluid  state  was  approached.  For  this 
reason,  we  have  identified  this  technique  as  microwave  calorimetry  for 
Identifying  T^  and  T^  at  2.45  CBs. 

tmw  frequency  OETA  measurements  of  tan  4  at  0.1,  1,  10  and  100  kHs  foe 
PVAc  are  shown  as  a  function  of  temperature  in  Pigure  S.  The  activation 
energy  far  PVAc  (210  xj/mol)  wes  obtained  from  she  slope  of  tne  Arrhenius 
plat  shown  in  Pigure  9,  Activation  energies  for  PVC  (380  kj/aol),  SAM  (30D 
kj/mol S ,  PEHA  (170  kJ/aol),  P8MA  (130  kj/mol)  and  PMMA  (100  kJ/aol)  were 

nbcainad  using  tne  sane  metnod  and  are  shown  in  Figure  9.  * 

The  combination  of  microwave  calorimetry  seasuremencs  (T^  and  T^  at 
2,45  GHt)  with  activation  energy  measurements  to  predict  microwave 
heatability  for  thermoplastic  materials  was  also  addressed.  The 
temperature  difference  between  the  critical  heating  temperature  and  .die  T^ 

(determined  by  DSC  at  10*C/min. )  was  found  to  depend  upon  the  magnitude  o. 
the  activation  energy,  as  summarized  in  Taale  2.  In  particular,  the  higher 
the  activation  energy,  the  closer  the  T  was  to  Che  T^,  since  the 
dielectric  loss  peak  was  relatively  Insensitive  to  frequency  changes,  as  is 
Che  case  of  PVC.  The  T^  was  found  to  be  very  far  from  the  for  PMHA  due 
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T«inp«ralur««  *C 


time,  min 


T,  •<  PVAc  -  2ft*C 


flgnr*  S.  Tl*«-«€aip«r»tar«  profll*  for  PVXc  in  th«  travelling  sod*. 
Starting  saaple  teaperatares  ver*  aatabliahad  by  a  atrip 
haatar  faataaad  to  tha  axtarior  of  tha  cavity. 


Fignra  6.  7iaa— taapacatnra  profile  for  ?VAe  la  tba  ataadiag  aoda 
at  17  Watts  iapvt  power. 


T«mp«ralur 


Yifura  7.  r*t«  (d?/dt)  «■  a  Ctmctiaa  at  saapla  tamp«ratur«  providaa 

th«  critical  ta«par»tura,  T  ,  and  tita  T  at  2. 45  <3Hx. 

c  9 


W9«ra  8.  Oialactric  chantal  scan  of  PVae  to  nMaura  ,  function  of 

fra^Bancy  for  tiM  eoastruetioB  of  Arrtianiua  activation  aaar^J  plota. 
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1/Tmax  (xiOOO) 


Comparison  of  the  slopes:  PVC>SAN>PVAoPEMA>PBMA 
AEa  =  •2.303R  x  slope 

Pt^ur*  9.  Arr^Mnia•  plot  ior  varioos  tharaoplastle  polynor*.  Activation 
anac^iaa  «ara  ealeulatad  £roa  tha  alopas  with  PVC  havin?  tha  largest  alopa. 


Tabla  Z.  Varioua  tharaoplaaties  used  ia  this  study. 


Polvaer 

T  *f*C> 

Press  Teoo.  f*C) 

Suoolier 

PHMA 

105 

130 

Inland  Iiaidy 

PMMA 

20 

as 

Aldrich 

PEMA 

66 

115 

Inland  Laidy 

PVAC 

30 

71 

Aldrich 

SAM 

101 

155 

Onion  Carbide 

PVC 

as 

145 

Pelyaciencas 

Table  IZ.  Elleet  ot 

activation  anervy  on  tha 

distance  batwwan  T  and  T  . 

c  g 

PolyoMr 

AS  ()cJ/aole) 

T  -T«  {*C) 

c  9 

PMMA 

100 

ao 

PVAe 

210 

35 

PVC 

380 

28 
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ta  aaall  aeciva&loa  •aac^y  whieb  waa  actribacad  sa  tba  £raquaae^ 
aaasltlvlty  a£  tba  dlaiaearte  loaa  paaJe. 


OOaCASXOMS 

ihm  preeaaaias  a£  tbaraoplaatle  polyaaca  via  aierowava  sadlatioa  la 
taaad  Mvagaldaa  eaa  hm  graaaly  anhanra  by  oadacstaadla^  Sba  dlalaearle 
zaapoaaa  aa  a  ftu^lioa  at  eaaparaZaza  and  Czaqoaaqf.  Xa  partlesalar,  Isat 
fzaqaaaey  dlalaetrie  aaalyaaa  wara  aaad  to  eaavaaiaatly  aaaaura  tba 
{zaquaaey  saaaltiviey  at  varloua  tbataoplaatiea  by  dataralalaf  tbalr 
mbaaiva  aetlvatioa  aaaz^laa.  Za  addltioa,  aieraaava  calorlMCzy  baa  lad 
ta  tba  Idaatllleatlaa  of  a  critical  taaparatara,  7^,  aaeaaaary  for 
affaetlva  aicrawava  baacla9.  By  eoablalag  tba  rasulta  of  irxbaalua 
aaalyaaa  wltb  alerawava  ealorlaatxy«  oaa  eaa  oadarataad  bow  far  tba 
dlalaetrie  loas  waa  atalftad  wltb  fraquaney  toward  tba  erittical  taaparatara 
aaeaaaary  far  alerawava  baatlag. 
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FEATURES  OF  MICROWAVE  PROCESSING  OF  INOHCANIC/ORCANIC  HYBRID 
networks  (CERAMIC)  MATERIALS. 

0.  £,  RODRIGUES  and  G,  l_  WILKES 
Polymer  Matenals  and  Interface  Laboratories 
Oeoartmant  ol  Chemical  Engineertng 
Viiglnia  Polytechnic  Institute  i  State  University 
Blacksburg.  Va  24QS1. 

INTRODUCTION 

Over  the  last  two  decades  the  sol  gel  technique  has  become  very  pooular  because  of  Its  ability 
to  yield  a  mullicomponent  Inorganic  glass  at  low  temoeratureslU).  More  recently,  techniques  to  ♦ 

incoroorate  organic  species  into  a  sol  gel  network  of  metal  alkoxides  has  been  developed  and 
sludied(3-7|.  One  technique  developed  in  our  laboraiory  is  to  incorporate  oligomers  enocaoped  with 
metal  alkoxide  functionalities  into  a  reaction  mixture  of  TEOS.  water  and  aad  catalyst.  The  resulting 
malenals,  often  cured  at  amoient  temperatures,  can  be  tougn  and  transparent  monoliths.  This  * 

technique  is  important  in  that  it  helps  to  overcome  some  of  the  defects  of  pure  sol  gel  silicate 
structures  such  as  cracks,  voids  and  bnttleness.  The  high  lemperalure  structural  properties  of  thes« 
malerlals,  however,  are  limited  because  of  the  organic  componenL  This  approach  provides  the  ability 
to  make  a  wide  range  of  matenals  with  vastly  diflerent  properties  depending  upon  the  polymer  and 
metal  alkoxide  chosen.  Novel  properties  displayed  by  these  materials  make  them  attractive  ter 
certain  technological  applications  such  as  coalings,  films  and  fibers.  One  of  the  main  drawbacks  of 
the  ambient  temperature  curing  process  is  the  relatively  long  reaction  time  which  hinders  Immediate 
utilisation  of  the  product.  As  would  be  expected,  the  extent  of  reaction  has  been  found  to  be  dependent 
on  the  f,  of  the  oligomer  under  consideration,  in  the  case  of  high  T,  oligomers  (e.  g.  polysuifones)  Ihe 
reaction  has  to  be  completed  at  elevated  temperatures  (above  the  T,)  in  order  to  acheive  a  high  extent 
of  reaction.  In  the  case  of  ceramers  containing  functionalized  polydetramethyleneoxidej  (PTMO) 
oligomer,  curing  time  can  vary  between  48  to  100  hours  before  the  final  gel  can  be  successfully 
handled  and  tested.  In  order  to  enhance  the  rales  of  reaction  and  determine  the  effect  of  such  an 
acceleration  on  the  physical  properties,  samples  were  reacted  at  elevated  temperatures  using 
microwave  nealing  and  conventional  oven  curing.  When  microwaves  were  used  the  curing  time  has 
been  found  m  some  cases  to  be  reduced  dramatically  from  60  nours  to  twenty  minutes,  in  this  paper 
structure-property  relationships  of  these  'microwaved'  matenals  will  Pe  compared  and  contrasted 
with  similar  materials  cured  in  a  conventional  oven  at  equivalent  elevated  temperatures  as  well  as 
room  temperature  cured  matenals.  Time-lemperaiure  studies  of  the  reactants  were  also  conducted 
in  a  travelling  wave  guide.  These  studies  were  done  pnmarily  to  gain  some  insight  as  to  the  effect  of 
microwaves  on  specific  reactants,  analyzer. 

EXPERIMENTAL 

Sample  tormulation  for  the  experiment  consisted  of  S0wt%  of  TEOS  with  Ihe  remainder 
constituted  Sy  tnelhoxysilane  endcapped  PTMO  of  a  numoer  average  molecular  weight  of  2000  g/mol. 

Water  was  added  in  an  amount  eauivaieni  of  I00wt%  since  this  is  the  stoichiometric  amount  required 
to  hydrolyse  all  alkoxy  functionalities  present  in  the  reaction  mixture.  Hydrochloric  acid  (ION)  was 
added  to  catalyse  the  reaction.  The  initial  reaction  mixture  when  expressed  in  terms  of  the  notation 
developed  oy  Huang(3)  is  TEaS(60)-?TMO(2000)- 100-0  048  as  defined  in  Fig.  1.  N.  N 
dimethylformamide  (DM^  and  Isooropanol  (IPA)  were  used  as  solvents  to  promote  miscibility 
between  the  polymer,  water  and  TEOS.  The  nature  of  the  reaction  has  been  discussed  in  detail 
elsewhere  (3).  The  elevated  temperature  chosen  lor  the  cunng  study  was  7(3*0  for  both,  the 
conventionally  cured  as  well  as  the  microwaved  samples.  Samples  were  mixed  for  twenty  minutes 
according  to  the  procedure  shown  in  Fig.  2.  In  the  case  of  me  oven  cured  samoies.  the  reaction 
mixture  was  men  poured  into  Teflon  coated  Pyrex  petri  dishes  and  immediately  placed  into  convection 
Ovens  stabilized  at  the  aforementioned  temperature.  They  were  left  in  me  oven  for  a  period  ol  two 
hours  after  which  they  were  removed  and  suoiected  to  physical  testing.  These  samples  will  pe 
denoted  by  '0  C.  70C'  to  represent  those  samples  cured  in  the  conventional  oven. 

Microwaved  samples  were  prepared  in  a  manner  identical  witn  that  of  tneir  oven  cured  ^ 

counterparts;  the  chief  exception  Pemg  that  they  were  placed  in  a  custom  made  cylmoencal 
microwave  cavity  and  nealed  due  to  the  coupling  Peiween  me  reaction  mixture  and  the  mierawaves. 

A  frequency  ol  2.4SGHZ  was  used  with  a  maximum  power  of  10W  The  eylinderical  cavity  is  tunable 

which  provides  the  ability  to  significantly  improve  the  Q-factor  of  me  cavity  significantly.  The  cavity  ^ 

was  operated  m  the  TE,,,  mode  Samoies  were  heated  to  70*C  in  the  cavity.  These  matenals  are 

denoted  by  'M  w,  700*.  The  temperature  was  raised  to  the  maximum  desired  value  in  approximate  y 

400  seconds  and  held  at  that  lemperalure  lor  an  additional  800  seconds  making  me  total  time  i 

cavity  eauai  to  20  minutes.  The  microwave  heating  profile  is  displayed  m  Fig.  3.  Temperatures  w 

monitored  Dy  a  finer  optic  probe.  Tuning  of  the  cavity  was  used  to  maintain  the  sample  4l  me  - 

temperature.  Finally,  as  stated  above,  samples  were  also  cured  at  room  temperature  The  sa  e 

reactants  were  cast  into  peiri  dtsnes  and  allowed  to  remain  at  amoiani  conditions  tor  six  days  oeio  e 

pnysical  testing,  the  longer  time  Peing  necessary  for  gelation  and  cunng. 
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UEM  DESCRIPTION 
TEOS  Tetraethylorthosilicate 

(60)  Wt%  Of  TEOS  To  Oligomer 

PTMO(2K)  Functionalized  Oligomer  (MW) 

100  Ratio  Water  To  Alkoxide  (Mol%) 

0.043  Ratio  Acid  To  Alkoxide  (Mol%) 

(THF/IPA)  Solvents  For  Compatibility 
(DMF/IPA) 

Rgura  1.  Namsndatura  for  tho  «ol  gol  hybr1d:TEOS(60)-PTMO(2K}*1 00-0.048 

I PR.  OMF,  PTMQ,  TEGS 

MIX  FOR  20  MINUTES  RT  RT 

ROD  WRTER,  HC I 

MIX  FOR  2  Mimrs  RT  RT 

I - 1 - 1 

M.  W.  TOC  RT  OPE  O.  C.  TOC 

C20  MIN3  CO  ORTS?  C2  HOLRS3 

Rguro  2.  Schomatic  for  tho  preparation  of  eeramer  sol  gels 
IPA  =  2-PrQpanol,  TEOS  *  Tetraethylorthosilicate 
OMF  s=  n,  n  dimethylformainida,  PTMO  =  triethoxystlane 
endeapped  polytetramethyieneoxide, 


Stress  strain  tests  were  performed  on  an  Instron  model  no.  1 122.  These  tests  were  carried  out 
at  room  temperature  immediately  aflor  removal  from  the  microwave  cavity,  the  convection  oven  or  the 
sht  day  casting.  Oogbone  samples  having  a  10  mm  gaugelength  were  tested  at  a  crossnead  speed  of 
2mm/mln.  Sample  thickness  varied  from  S  mils  to  15  mils.  A  minimum  of  five  tests  were  run  on  each 
matenal  type.  Dynamic  mechanical  analysis  was  carried  out  on  a  Rheovibron  D0V.IIC  These  tests 
were  run  at  a  frequency  of  11Hz  In  the  temperature  range  of  -ICXTC  to  170*C.  Structural  features  of  the 
materials  were  Investigated  using  a  small  angle  Xray  scattering  (SAXS)  faculty  with  a  Siemens  Kratky 
camera  system  using  CuK«  (i  *  1.S4A)  radiation.  A  position  sensitive  dectecor  was  used  In 
eonlunctlon  with  the  Kretky  camera. 

Time  temperature  microwave  heating  studies  were  conducted  In  a  rectangular  waveguide 
WR2S4  with  a  travelling  wave.  The  technique  used  here  Is  shown  In  Fig.  4  and  consists  of  placing  S 
ml  of  the  sample  to  be  tested  In  a  Teflon  sample  holder.  The  sample  holder  has  a  small  hole  at  Ihe 
top  tor  Inserting  the  fiber  optic  probe.  The  power  Input  to  the  cavity  Is  fixed  at  5W.  The  sample  Is  then 
positioned  In  the  cavity  at  a  point  of  minimum  reflected  power  as  measured  on  Ihe  power  meter.  The 
temperature  Is  then  measured  as  soon  as  the  power  Is  turned  on.  The  heating  rate  is  indicative  of  the 
dielectric  lost  factor  of  the  material  at  the  frequency  of  2.45GHz. 
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FlQur*  3.  MIcrow«v«  haaUno  preflia  for  tha  material  haated  to  70*C. 


fluoraptic 

Th«ntwn«»r 


Figura  4.  Schamatlc  of  appliad  aiectric  flald,  waveguide  and  aampla 
holder  for  tha  tlma>temparatura  study. 


wer^subieaad  to  ambient  temperature  stress  strain  analysis  almost 

Table  I  Samples  cureP  at  70^  using  microwaves  snow  a  nign  mobulus  oi  Z50  . 

appreaaiing  We  value  of  a  polymeric  glass.  The  stress  at  ’Jew  a  modulus  of 

■Hrmal*""  at  break  Is  21*A,  The  matenals  cured  In  a  conventional  oven  at  Ttr-  *  — was 

only  aMPa  and  have  an  elongation  at  break  of  S0%.  6e  wpil^^  in  terms 

reeded  to  a  much  lower  extent  than  the  microwave  cured  i*  strongly  dipole 

d  Uie  coupling  that  odstrs  between  microwaves  and  the  polar  reactants  vrhi»  ^  ^  reaalon 

dependent  There  is  evidence  from  dher  dudies  to  indite  ““^“eveWpment  In  this 

Mnetics  If  reactive  sites  are  dlpolartSJ.  Pnnaple  reactive  sues  J  ^The  coupling 

readion  are  the  hydroxyl  moltles  on  the  slUnol  molecule  Veadion  as  can 

between  the  microwaves  and  the  sHanol  group  seem  to  promote  *  ‘J*  „,ctian  causes 

be  seen  from  the  lime  temperature  studies.  In  aodUion  this  as  Indirectly 

considerably  higher  denslficaiion  of  the  Inorganic  phase  relative  lo  f  vs 

confirmed  horn  the  SAXS  scattering  results  to  be  discussed  later.  In  F.g  5  a  plot  oH^pemur^  s 
Sm.  ter  the  reedlon  mixture  without  edd  catalyst  and  with  acid  cataiys  reveals 

Both  samples  show  an  almost  Instantaneous  rise  m  temperature.  The  dlflarenc 
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MCXZXJLSC^«>R^ 

c;  o^t3> 

BJCN6CZ3 

M.  W.  TOC 
C20  HIN3 

250 

40 

21 

RT  aura 

CO  DBYS3 

163 

2B 

20 

0.  C.  TGC  4 

C2  KRS3 

PGED  Cl  MCNTH3 

I 

00 

M.  W.  7CC 

38Q 

38 

21 

R.  T.  oura 

360 

40 

21 

0.  C.  TOC 

ISO 

7 

7 

Table  I.  Raaulta  of  the  ttrasa*ttraln  ttudy  conducted  at  ambient 


eandlUona  tmmedtataiy  after  curing  and  after  aging 
the  materlaia  for  one  month. 


Rgure  5.  Time  temperature  profile  for  the  reactive  solution  before  and 
after  the  addition  of  add  catalyst. 

Initial  temperatures  at  t  =  0  is  because  of  the  heat  of  reaction.  However,  with  time  It  can  be  seen  that 
sample  containing  catalyst  heats  much  (aster  and  this  can  be  attributed  to  the  absorption  of  the  silanol 
which  are  produced  as  a  result  of  the  hydrolysis.  This  lends  credence  to  the  Idea  that  silanol  Is  an 
efficient  absorber  of  microwave  energy.  Another  observation  worth  mentioning  here  it  that  when  the 
reaction  was  carried  out  with  different  metal  alkoxides  such  as  titanium  Isopropoxlde  and  zirconium 
Isopropoxide.  which  are  mud  taster  reacting  and  hence  require  extremely  little  water  for  hydrolysis, 
there  Is  not  much  difference  between  microwave  curing  and  oven  curing.  Hence  the  presence  of  water 
(or  hydrolysis  Is  an  Important  factor  In  Increasing  the  rate  of  reaction  when  microwaves  are  utilized 
(or  the  TEOS  containing  systems.  Room  temperature  cured  samples  take  almost  six  days  to  cure 
completely  and  display  modulus,  stress  at  break  and  elongation  at  break  values  Intermediate  between 
those  of  the  microwaved  and  the  oven  cured  samples.  These  samples  display  dynamical  mechanical 
behavior  similar  to  those  cured  In  the  microwave  field  and  are  also  microphase  separated  in  a 
manner  similar  to  those  cured  with  microwaves.  In  the  case  of  the  oven  cured  samples,  heating  of 
the  material  at  70*C  for  two  hours  clearly  does  not  produce  an  equivalent  extent  of  reaction.  This  also 
seems  to  affect  the  long  term  properties  of  the  sample  as  can  be  seen  from  the  mechanical  properties 
obtained  on  samples  that  have  been  aged  at  ambient  conditions  tor  one  month  as  shown  In  Table  1. 
The  slow  reaction  rate  in  the  convection  oven  as  well  as  evaporation  of  some  solvents  (1.  e. 
Isopropanol-b.  p.  82*C)  may  cause  some  amount  of  diffusion  limitation  In  the  reaction  mixture  which 
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would  help  explain  :h®  rather  weak  and  tacky  gel  ootatned. 

The  dynamic  mechanical  analysis  storage  modulus  {shown  In  Fig  S.)  of  the  various  samples 
follow  a  trend  similar  to  that  displayed  by  the  static  modulus  tests.  The  values  match  quite  clcseiy 
with  the  instron  tests  conducted  at  the  same  temperature,  it  can  also  do  seen  that  there  is  a  small 
Inaease  in  the  stiffness  of  the  microwaved  and  six  aay  ITT  cured  samples  as  the  temperature  is  raised 
above  SO’C.  This  indicates  that  the  samples  were  not  fully  reacted  and  therefore  undergo  ^otnm 
additional  reaction  at  the  slow  heating  rate  (2*/mini  in  the  DMA  Instrument.  II  is  at  this  stage, 
worthwhile  to  point  out  that  curing  with  microwaves  at  70*C  even  for  extended  periods  of  time,  will 
n«  bnng  the  material  to  Its  finat  properties  because  of  the  presence  of  DMF.  The  OMF  being  highly 
ptMar  evaporates  at  1S3*C  and  currently  experiments  are  being  conducted  to  determine  whether  this 
aging  process  can  be  accelerated  significantly  by  going  to  a  higher  temperature  or  curing  for  longer 
period  of  time  in  the  cavity.  The  increase  In  stiffness  is  considerable  In  the  case  of  the  0.C.70C 
malenal  which  substantiates  our  earlier  postulation  of  a  mucn  lower  extent  of  opndensation.  There 
cmild  also  be  an  evaooration  of  water,  solvent  and  by  products  of  the  reaction  which,  with  their  loss 
would,  contibute  to  an  enhancement  of  the  storage  modulus.  The  fact  that  the  storage  modulus  values 
•I  the  ubpar  limiting  temperature  of  170*C  is  identical  for  all  three  samples  shows  that  reactants  are 
net  lost  due  to  evaporation  In  the  oven  cured  sample.  This  fact  is  also  substantiated  by 
thermogravimetric  analysis  where  the  remaining  material  at  S00*C  is  around  32  wt%  of  the  initial 
amount  analysed.  The  Tan  i  {Fig.  7}  behavior  as  seen  at  11  Hz  provides  some  useful  information  about 
the  morphology  of  these  systems.  The  glass  transition  displayed  by  these  systems  Is  due  to  the  PTMO 
oligomer.  In  general  the  Tan  J  response  displays  some  bimodal  character  with  cooperative  PTMO 
segmental  motion  begimng  at  •90*0.  The  onset  of  cooperative  segmental  motion  at  this  temperature 
Indicates  the  presence  of  some  pure  or  rich  PTMO  phase  in  all  three  systems.  The  lower  temperature 
peak  wnich  typically  appears  between  >90*0  and  10*C  can  be  attributed  to  a  mixture  of  endlinxed 
PTMO  and  incompletely  condensed  TEDS.  This  mixture  causes  a  broadening  of  the  peak  wnen 
compared  with  the  loss  dispersion  of  purs  crosslinked  PTMO.  The  higher  temperature  peak  is 
believed  to  be  due  to  more  oligomer  entrappsd/encapsulated  by  the  highly  densified  glassy  domains. 
The  relative  extents  of  these  two  types  of  PTMO  (pure  PTMO  vs  PTMO  trapped  in  a  more  glassy 
surrounding)  determines  the  position  and  breadth  of  the  peak  as  well  as  the  extent  of  bimocal 
behavior.  In  the  case  of  the  O.C.70C,  sample  the  lower  temperature  peak  disoiays  a  Tan  6  value  of 
almost  0  45  and  occurs  at  ca.  -40*0.  This  suggests  a  relatively  small  amount  of  endlinkmg.  esoeciaily 
when  compared  with  the  room  temperature  and  M.  w.  70C  cured  materials  which  peak  at  -10*0  and 
0*C  respectively.  The  higher  temperature  peak  for  me  0.  C.  TOC  material  snows  very  little  loss 
behavior  m  the  range  of  30  >100*0  thereby  indicating  very  little  polymer  encapsulation  and  constnc'.ion 
by  the  densified  SiOt  This  eanclusion  is  supported  by  the  SAXS  behavior  as  will  be  discussed  later. 
The  room  temperature  and  M.W.70C  materials  on  the  other  hand  display  a  Tan  a  behavior  indicative 
of  a  higher  degree  of  phase  separation  of  PTMO  from  the  silicate  phase  as  well  as  a  higher  extent 
of  encapsulation  as  can  be  seen  from  the  higher  value  of  the  Tan  6  peak  at  around  100*0.  The 
microwave  cured  material  displays  the  lowest  loss  response  of  the  three  cured  matenals  and  me 
lower  lemperaiure  peak  has  a  maxima  of  0.1  at  0*0  indicating  a  higher  extent  of  crosstinking  of  me 
oligomer. 


TEMPERATURE  CC) 


FIgur*  8.  Dynamic  Storage  modulus  at  a  (roquency  of  11  Hr. 
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TEMPERATURE  CC) 

Rgum  7.  Dynamic  loss  modulus  at  a  frequency  of  11  Hz. 

The  SAXS  profiles  (shown  in  Pig.  yj  far  the  microwave  cured  and  room  temperature  cured 
matenals  are  much  sharper.(peal(ing  at  around  O.OSnm-')  when  compared  with  the  oven  cured 
materials.  The  intensity  of  the  scattering  peak  Is  dependent  not  only  upon  the  degree  of  phase 
separation  between  the  two  phases  but  also  upon  the  extent  of  reaction  within  the  silicate  phase.  The 
higher  the  densificatlon  within  the  inorganic  rich  phase  the  higher  wilt  be  the  scattering  intensity. 
Based  on  this,  the  scattenng  curve  for  the  oven  cured  material  suggests  that  there  Is  a  larger  amount 
of  mixing  as  indirectly  observed  from  the  greater  peak  breadth  which  shows  a  spacing  around 
O.tnm*'  The  low  scattering  Intensity  for  the  0.  C.  TOC  material  also  indicates  a  low  degree  of  reaction 
within  the  inorganic  phase  too.  Since  the  high  purity  inorganic  phase  has  a  higher  electron  density 
than  the  polymer  or  the  mixture  of  polymer  and  incompletely  condensed  TEOS,  consequently  a  higher 
scattering  intensity  would  indicate  a  higher  degree  of  reaction  and  densification.  The  SAXS  peak  for 
the  microwaved  material  shows  a  higher  scattering  intensity  thereby  Indicating  a  higher  degree  of 
reaction  and  hence  greater  densification  than  the  room  temperature  cured  material.  With  regard  to 
the  partial  microphase  morphologies  they  appear  to  be  nearly  identical  since  both  provide  an  average 
interdomain  spacing  of  ca.  taoi  Furtnur  details  regarding  analysts  of  the  higher  tail  region  will  be 
presented  m  a  future  publication. 


S  {l/n«l 

Figure  8.  Small  angle  scattering  profiles  of  the  three  differently  cured 

materials  show  Intensity  vs  S,  where  S  Is  defined  as  4-  sln(  — ) 
8  Is  the  radial  scattering  angle.  ^  ^ 
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ABSTRACT 

Thm  aXfact  ot  •lerowA'vw  proeaaaing  oa  eba  cbMleal  laearaffEioaa  occurring 
baewMn  tbo  earboa  <lb«r  aarXcea  and  tba  apery  aacrl*  cooaeituanca  was 
Invasclgaead  using  X-ray  Pboeoalaeeroa  Spaecroscepy  (Z?S).  ManoXunceional 
aedal  eoapeunds  o£  bba  aaarlr  canaelsuaaea  wara  oxpesad  eo  aba  earboa  flbars 
at  taaparaeuraa  siallar  ea  cbosa  ancouncarad  durixig  coopoalta  proeasalng. 
Tba  alerawaaa  ttgaafftnantt  casulbad  la  a  aubacanelaX  laeraasa  la  tba  aaiouae  ot 
ebaaleal  Inearaetioa  baewaaa  tba  Xlbar  aurXaea  and  tba  apory  caain  but 
listia  diXXaraaaa  far  tba  aolna  eoaponaat  of  tba  aatrlx  whan  cooparad  to 
tbarmal  proeaaalng.  An  apory  raaln/aalaa  hardanar  adduct  coopound  uaad  to 
daeacalna  tba  bydroryl  group  Intaractlon  with  tba  earboa  flbar  aurfaca 
Ifidlcacad  a  low  laval  of  ebaaleal  Intaractlon  of  tba  bydroryl  with  tba 
carbon  flbar  aurfaca  undar  tba  conditions  uaad  In  tbla  study. 


IHTROOUCTIOH 

Slactroaagnatlc  proeasalng  Involving  tba  uaa  of  nlcrowava  fraguancy 
anargy  offara  a  naw  approach  to  coopoalta  proeasalng  In  which  anargy  la 
couplad  diraetly  Into  tba  oacarlal  wltbouc  ralianes  on  conduction  and 
cooveetlon.  An  aarliar  publlahad  rasult  [IJ  raported  tbac  In  carbon 
ralnforcad  apory  eoapoaltaa,  algnlflcant  changaa  In  flbar  to  aatrlr  adhaalon 
wara  oaaaurad  whan  olcrowava  procaaalng  waa  uaad  In  placa  of  tbaraa.. 
proeasalng.  Ondar  Idantlcal  eondltlona,  no  change  In  adhaalon  to  araold  or 
glass  flbars  waa  datactad  with  tba  apory.  Tba  conductlva  nacura  of  tba 
carbon  fiber  baa  baan  shown  to  result  In  a  ptafarantlal  absorption  of 
alactrooagnaclc  anargy  causing  the  fibers  to  attain  a  higher  tamparatura 
than  tba  surrounding  apory  oacrlr.  Tbla  study  was  undartaJeaa  to  dataraina 
If  the  Increased  taoparacura  of  the  flbar  resulted  In  a  change  In  Che 
ebaaleal  bonding  batwaan  flbar  and  aatrlx  which  was  a  reason  for  the 
Incraaaa  In  adhaalon. 

Since  It  la  not  poaalbla  to  dacaralna  the  chemical  bonding  between  a 
carbon  flbar  and  apory  aatrlx  In  the  aolld  state  witn  currant  analytical 
Cachnlquaa,  a  modal  monofunctlonal  syacem  conalaclng  of  a  single  carbon 
flbar  amoaddad  In  a  large  tanalla  dogbona  snaped  cavity  was  salactad  aa  the 
axparlmantal  configuration.  It  provided  conditions  identical  to  those  uaad 
in  tba  aarliar  microwave  procaaalng  acudlaa.  In  tbla  manner,  the  aamplaa 
could  be  procaaaad  with  either  tbarmal  or  otlcrowava  anargy  undar  idantlcal 
conditions  wltbouc  polymarlsatlon  taking  placa.  Specific  ebaaleal 
Inearactlona  between  the  functional  groups  on  the  modal  eoopounda  and  tba 
carbon  flbar  surface  could  taka  place  in  tba  aama  manner  as  In  the  solid 
scats.  Tba  unraactad  species  could  then  be  ramovad  with  low  camparstura 
aolvanc  extraction  and  the  carbon  flbar  surface  could  be  analyzed  with  X-ray 
Photoalactron  Spectroscopy  to  guantleaca  ebaaleal  Interaction  batwaan  tba 
mailsim  or  apoxy  functionality  and  the  carbon  tLboe  surface. 
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BTStIHSHTaX, 


FW  baa«4  AS-4  Cibars  %#tsh  «  proprlatarr  axidaelT*  aur^aea  Sraabaanr 
abcainad  froa  Sassulaa  Jac.  hava  baan  uaad  Ln  ebla  seudy.  ^a  apesty  raaia 
aaad  in  Sbia  tnaaaeigacioB  Lm  a  diglyetdal  achar  of  blaphanol-Jk  (Spon  3X3, 
SliaLl  Chaaleal  Ca.)  a«d  tiia  curing  aganc  uaad  la  a  aaca— phanylana  dlaalna 
Aldrleb  Qiaalral,  Co.).  Coaiparlaeaa  wara  aada  ualag  cisaaa  saearlala, 
baewaaa  CIsa  affacCa  of  agolaalane  tharaal  eura  aad  alerowava  esra  eycXaa  on 
Clia  etaaaleal,  raaccloiia  raaaXflng  la  aaeb  of  tha  raapaeflaa  proeadaraa. 

Ail  of  tba  chasaal  eara  and  alerowava  axpariaanes  wara  eaadaccad  co 
afCaia  Slia  aaaa  ayacaa  ftawparasaraa  bae\«aaa  30  aad  130  C.  Mleroaa'aa  powac 
aaa  couplad  laco  Cha  •paelaily  daalgnad  eavtcy  Chroagh  an  adjuacaJsla 
welsaslon  proOa  ae  a  fraguaaey  of  2. 45  CHs.  TaBla  t  auamarlaas  Cba  rmxLoum 
fbarsial  and  aierowaaa  craaeaanca  applied  co  Cha  AS4  flbars. 

Subaaqaane  to  tba  Tarioua  aurfaea  traataanta,  saatplea  of  the  traatad 
carbon  fibars  waca  uialyzad  with  tha  asa  of  a  ParJcla-Slaas  ?HX  5400  x-ray 
photoalactron  apactronatar.  ?iea  aaargiaa  aaca  aat  at  178.95  a?  for  tha 
aarvay  acaas  (0-1000  aV)  and  at  3.95  aV  for  tha  high  raaolutlon  narrow  aeans 
of  tha  alaaiantal  raglons.  Tha  curaa  fitting  waa  earrlad  out  aaing  a 
■odlflad  Sauss-Mawcon  non-Iinaar  laast  aquaraa  optiaizatien  procadura  that 
la  part  of  tha  inatraaantal  softwara.  with  tha  'graphitic'  C  la  paaka  aat 
at  284.5  mV  {2]t3HS]. 

Coaplata  axparlaantal  dataila  can  ba  found  In  [5]. 


3ZSU1TS  ANO  orsCCSSIOH 

High  raaolutlon,  narrow  energy  window  aeans  wara  eellaetad  for  tha 
carbon  and  oxygon  raglons  of  each  of  tha  raapaetlva  traataanta.  txassplam  of 
thaaa  curva  raaoivad  acana  are  ahown  in  rtguraa  1  and  2.  Tlgura  1  contains 
tha  aaaa  region  of  tha  different  X?S  apactra  bi.nding  anargiea  frtsn  231.3  to 
295.0  ev  which  ia  tha  carbon  la  region.  Figure  2  contalna  the  binding 
energy  region  from  529.5  to  537.5  eV  which  le  the  oxygen  la  region. 

Therwal  and  Hierowaxe  Epoxy  Reeln  Treataenta.  Aa  a  reeuit  of  the 
theeaal  epoxy  treataenta,  there  la  a  algnlfleant  Inereaae  in  the  C  la  peak 
XX  intensity  (at  285.2  mV)  of  both  treataer.t  "b*  (12.5%  of  area  -  Figure  Ibj 
and  traacaent  “c*  (IS. 7%  of  area  -  Figure  Ic)  over  tbe  ae-reeelvad  AS4  fiber 
(Figure  la) .  Peak  II  eorreaponda  to  tha  C-0  type  e.haaleal  bond.  There  la 
alao  a  aaail  deeraase  ia  peak  IXI  (  at  287.5  mV),  C-O  type  bond,  for  both  of 
the  treataenta.  Figure  Id  shows  tha  affects  of  a  alcrowave  curing  procedure 
on  the  cheaicai  bonding  that  occurs  batwean  tha  epoxy  resin  and  the  fiber 
surface.  Tha  C  la  signal  ehows  a  strong  shoulder  at  236.2  mV  whim 
indicaeaa  a  large  increase  ia  tha  surface  C-C  eoneantration  (19.0  %  of 
arsa),  Tha  Increase  in  this  peak  Intensity  Is  significantly  greater  than  In 
tha  case  of  either  of  tha  theraal  traatcienta.  This  Is  starXed  by  a  large 
Increase  In  the  C-O  type  of  functional  group  which  would  correspond  to  a 
graaser  concentration  of  epoxy  resin  awiecules  being  chemically  bound  to  the 
surface  than  In  tha  ease  of  tha  thermal  treatsienca. 

The  O  la  curve  fits  for  the  thecrsal  and  microwave  epoxy  resin  treaC2>enta 
reflect  an  Increase  In  peak  XX (at  533.9  eV)  which  corresponds  well  with  the 
reaults  froa  the  C  le  region.  Compared  to  the  ae-reeeived  AS4  fiber  (Figure 
2a)  there  ia  a  general  increase  in  the  C-0  bonds  at  tha  surface  from  the 
lowest  temperature  thetmal  treatment  (Figure  2b)  to  the  highest  thersa. 
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29S  aV 


Bladla^  XnarT/ 


281  mV  295  mV 


Biodlag  Enargy 


231  av 


rtgura  1.  Curva  ils  C*rtsoa  la  IPS  Spacer*  Sra«  281.0  zo  195.0  aV  sindinq 
aaargy.  a)  KS4  fl5ar  *»B-cacatTadj  b)  Epoxy  ?raa«Bant  *z  aoc-^bara*l;  c) 
Epoxy  Traaeaanc  aC  lS0C>cbasmalj  d)  Epoxy  Traataanc-Microwwa;  a)  oPDA 
Traacaanc  ae  130C-e&araal]  J)  aPOA  Traacaaoc-Mlerowava;  g)  Hydroxyl  Addurd 
Iraataaoc  ac  llOC-cbaraal;  h]  Hydroxyl  Adduct  *raacaa(>t-*Kicrowava. 


537  S  •V  529. S  •V  537. 5  •V  szs.s 

8i.n<5ing  2n«rgy  Binding  Sn«rgy 

ri^c«  2.  Cur^  Sift  0icy9«n  !•  Sp«cftr«  Srs*  529.5  to  537. S  oV  bi.ndt.- 
onorgy.  «)  AS-*  Sibor  •a»-r«e«tT»df  b)  Bpory  traataont  at  30C-fthat=a. s 
Spaxy  T-««t»«nb  at  iSOC-eharaali  d5  Epoxy  rraaftsant-Mier owa^a . 


Tabla  t.  Cbxaieala  and  thacaal  or  aicrowaaa  axpoauro  traataont  conditio: 
for  AS4  Sibars  ua«d  in  thia  atudy. 


ribar* 

Traataant 

a 

Aa^caeaivad  AS4 

b 

• 

Epoxy  at  BOC-tbaraal 

e 

Epoxy  at  ISOC-tbaca^l 

d 

Epoxy-aicrowava 

a 

aPOA  at  130C-tbacaal 

0 

aPOA-'Oierowa'va 

g 

hydroxyl  adduct  at  130C“thacaal 

h 

hydroxyl  adduet-«icrowa»a 

yabla  IX.  Oxygan  la  to  Carbon  la  and  Ritrogon  la  to  Carbon  la  parconta 
^^>.>1  aS4  Sibar  traataant  caieulatad  SroB  X7S  apactra. 


flbar 

0  la/C  la  f%l 

M  la/C 

a 

10.4% 

4.0% 

b 

11.34 

4.5% 

c 

13.3% 

3.5% 

d 

1S.S% 

4.1% 

• 

9.9% 

t.S% 

s 

7.3% 

3.2% 

g 

9.9% 

4.3% 

b 

10.1% 

S.S% 
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traacaane  (riQura  2e).  7ha  atlerawaaa  sraataant  (figura  2d)  pcodueaa  z.*;* 
hlghase  laval  oS  Laeraaaa  hawawae. 

Tharaal  and  Mlerewava  a-POA  Hardanar  Traacaanta.  Tha  aoae  noeicaaaXa 
ehaaga  la  ebaaa  eraacaanes  La  tha  appaaranca  oi  C>N  Lacanalsy  la  thm  e  la 
paaic  abapa  (aC  285. 4  aV  la  Plgura  la  aad  12).  tbla  auggaaca  aha  acearraaca 
o2  a  ebaaleal  raaeelon  iMcwaaa  ;ba  2  Ibar  aur2aea  aad  zttm  aalaa  ardaaar 
aaiaeuia.  Baeb  of  bba  a-POA  uaaeaanca  l.a.  tbaasal  and  alerawava,  ladlsaca 
aa  laeraaaa  la  Cha  alsragan  cancancraeloa  ae  rha  tur2aca  o2  eba  21baff  re 
abeue  dba  aaaa  laval. 

tbaeaal  and  Mlcrowava  Hydrazyl  Adduce  traacaanea.  7bara  la  ao 
algal21cana  dl22araaea  baewaan  cba  oxida  Ineaaalblaa  oi  tba  adduce 
traaeaanca  aad  dba  *aa  raealrad*  21bar  aa  abotm  by  eha  apaeera  la  Plgura  Ig 
and  Ih.  Tbia  would  aaaa  to  ladleata  tbat  tba  raacdlvlsy  o2  eba  hydroxy 
group  sa  eba  adduce  aolaeula  wleb  eba  2ibar  aur2aea  la  vary  low. 

Tabla  2Z  suaBarlzaa  eba  aajor  ebangaa  In  eba  dxygan  and  nleregan  es 
carbon  raeloa  raaulelag  2roa  eba  axpoaura  o2  ebaaa  aodal  eowpounda  eo  eba 
carbon  21bar  aur2aea.  Tbaaa  ebaagaa  can  ba  eaJean  aa  an  Indlcaelon  a2  eba 
aaouae  o2  ebaaXeal  bonding  eo  eba  carbon  21bar  aur2aea  a2ear  axpoaura  eo  eba 
raaceanea  undar  alebar  ebaeaal  or  alerowava  anvlroaaanea .  Tba  21bar  eraaead 
wleb  eha  apoxy  abowa  an  Incraaalng  oxygaa  eo  carbon  raelo  ovar  eba  basallna 
21bar  wleb  incraaalng  ebaeaal  craaeaane  (a-b-c)  bue  eba  largaac  Ineraaaa  is 
wleb  eba  olcrawava  eraaeaane  (d).  Tba  nlerogan  eo  carbon  raelo  2or  21bar3 
eraaead  wleb  eba  aaina  abowa  lleela  dl22aranca  baewaan  ebaeaal  or  alerowava 
eraaeaane  (a-2j.  Wlebla  axparlaaneal  arror,  no  sbaaiaorpeion  o2  eba  hydroxyl 
2unceionalley  la  daeacead  la  alebar  anvlronaane. 

COHdTSIOHS 

Tha  uaa  o2  a  alerowava  haaclng  anvlronaane  can  raaule  In  a  aubaeanelal 
laeraaaa  la  eba  axooune  o2  ebasisal  Inearaceion  baewaan  eba  21ber  surfaca  and 
tba  apoxy  raaln  and  aaina  cooponanea  o2  eba  oaerix.  Ovarall  eba  aaoune  oi 
ebaaical  Inearaceion  occurring  ae  eba  21bar  suriaca  ia  small.  Howavar,  eb# 
uaa  o2  eba  alerowava  curing  procadura  tifaceivaly  doublad  eha  dagraa  oi 
ebaaical  Inearaceion  occurring  baewaan  eba  iibar  and  eba  apoxy  raain  i.~. 
eoepariaon  wleb  eba  aoae  a22aeeiva  ebaraal  eraaeaane  (l.a.  150  dagraa  C)  . 

ebaaical  Inearaceion  o2  priaary  aaina  wleb  eba  carbon  fiber  surface  was 
eha  saaa  In  alebar  tha  ebaraal  or  alerowava  anvlronaane  whan  eha  aaina  waa 
not  eoapacing  wleb  eha  apoxy  group  for  eba  carbon  iibar  surfaca. 

Tba  uaa  of  an  adduce  compound  eo  aeudy  possible  Inearaceion  baewaan  eba 
fibac  surfaca  and  eba  adduce  hydroxyl  group  indlcaeas  s  low  eo  insignif leant 
Inearaceion  undar  ehasa  eondieions. 

Overall  ebe  exeene  oi  chemical  bonding  oi  an  spoxy-ami.ne  polymar  with 
t.he  AS-4  carbon  iibar  suriaca  is  less  e.nan  5K  when  processed  eboraaily. 
Microwave  processing  appears  to  subseaneially  increase  ebe  probabiliey  oi 
chemical  bonding  in  e.he  solid  state.  The  comsi.hod  resuiea  suggest  ebae  e.~.e 
change  in  coapoeiee  periormance  reeuleing  irom  the  use  oi  a  microwave  curing 
procadura,  Inaeeed  oi  the  more  typical  ebecaaily  cured  process,  may  be 
partly  due  to  ao  increase  In  the  chemical  Ineeracelone  between  e.he  iiber 
surface  and  eba  aaerix  maeerlal. 
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ABSTRACT 

Composite  laminates  have  been  cured  under  pressure  In  a  tunable 
■IcroMve  cavity.  A  7-1n.  dlam  cavity  with  a  sliding  short  was  tuned  to 
produce  single  mode  or  controlled  hybrid  mode  standing  waves  at  2.4S  GHz. 
Graph Ite/epoxy  laminates  were  processed  with  power  Inputs  as  low  as  2  H/g. 

A  low  loss  press  was  designed  and  built  to  operate  Inside  the  cavity. 
The  press  can  apply  100  psi  pressure  on  a  9-1n.  square  laminate.  An 
empirical  approach  has  been  used  to  develop  processing  conditions  for  high 
quality  laminates.  Graphite/ epoxy  composites  were  cured  In  90  min  or 
less.  A  simple  on-off  temperature  control  loop  nodulated  power  Input  to 
the  cavity  with  a  coaxial  switch. 

Mechanical  testing  and  differential  scanning  calorimetry  have  been 
used  to  evaluate  the  composites.  The  saterlal  properties  have  been  related 
to  processing  conditions. 


INTRODUCTION  AND  3ACXGRCXIN0 

Foster-Miller  Is  currently  Involved  In  a  program  to  develop  technology 
to  cure  polymeric  composites  using  microwave  energy.  Because  the  energy  Is 
directly  coupled  Into  the  material  (as  opposed  to  convective  heating),  the 
potential  exists  to  shorten  cure  times.  Since  microwave  radiation  1$ 
penetrating,  potential  may  exist  for  Improved  curing  of  thici;  structures, 
which  Is  often  proolematlc  with  conventional  convective  cures. 

Early  work,  on  cavity  curing  was  performed  at  Michigan  State  University 
(MSU)  by  Profs.  Assmussen  and  Hawley.  Owing  to  problems  with  conventional 
microwave  approaches,  KSU  focused  on  understanding  and  modelling  the  cure 
process  In  a  2.45  GHz  single  mode  cavity  of  circular  cross  section.  While 
MSU  experiments  and  analysis  furthered  understanding  of  basic  mechanisms 
and  phenomena,  a  number  of  practical  questions  remained. 

The  Air  Force  and  OARPA  enlisted  Foster-Miller,  Inc.  to  work  In 
concert  with  MSU  to  help  address  some  of  these  Issues.  In  general,  the 
Interactions  of  microwaves  with  realistic  part  geometries  and  laminate 
constructions  are  thought  to  be  too  complex  to  be  predicted  analytically, 
especially  when  tooling  Is  added  to  a  cavity.  As  a  result,  an  empirical 
approach  Is  required  to  find  conditions  for  optimum  cure.  For  continuity. 
Foster-Miller  began  Investigations  In  2.45  GHz  cavity  similar  to  that  used 
by  MSU.  Additionally.  Foster-Miller  was  tasked  to  Incorporate  a  mold  tool 
to  apply  controlled  pressure  during  cure  and  Instrumentation  to  monitor 
temperature  and  control  heating.  This  paper  Is  a  report  of  progress  Vn 
this  effort. 


IHVESTIGATION  APPROACH 

As  considerable  effort  by  others  had  gone  Into  composite  curing  of 
unconsolidated  samples  In  a  single  mode  cavity,  we  concentrated  our  effort 
on  development  of  techniques  for  consolidating  test  specimens  which  are 
then  cured  In  a  single  mode  or  hybrid  mode  cavity:  In  particular.  In  a 
7-ln.  dlam  cavity  at  2.45  GHz.  After  consideration  of  several 
alternatives,  we  selected  a  platen  press  approach.  This  Is  a 
straightforward  consolidation  technique  but  does  require  design 
considerations  particularly  since  the  microwave  absorption  of  the  press 
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should  he  minimised,  while  at  the  same  time  the  press  must  have  the 
required  mechanical  strength  to  consolidate  the  saaoles.  The  following 
section  describes  the  press  which  was  designed  and  built. 

As  samples  are  produced,  mechanical  properties  of  subsections  are 
tested.  These  Include  differential  scanning  calorimetry  (DSCJ  and 
three-point  flexural  testing.  This  Is  to  allow  .issessment  of  the  level  of 
curing  and  uniformity  of  curing.  Also,  these  results  will  permit 
comparison  with  autoclave  processed  laminates. 


EQUI?MEHT  PROCESSING 


Held  Tgol 

The  primary  consideration  In  the  development  of  a  pressure  applicator 
to  be  used  within  the  resonant  cavity  was  to  ensure  that  the  tool  would 
cause  minimal  distortion  or  interference  with  the  fleldCs).  Ideally,  the 
tool  would  be  a  microwave  transparent,  such  that  all  energy  coupled  Into 
the  cavity  would  be  absorbed  in  the  laminate  and  not  the  tool.  However,  an 
equally  strong  consideration  was  the  structural  properties  of  the  material 
as  It  had  to  be  capable  of  applying  up  to  100  psi  pressure  on  a  3  x  3  In, 
laminate,  equivalent  to  900  lb  to  force.  Size  Is  constrained  by  the 
relatively  small  size  of  the  cavity  C7-ln.  dlam).  and  holes  through  the 
cavity  must  be  held  small  In  size  and  number  to  minimize  eftect  on  resonant 
modes  of  the  cavity. 

Hlth  these  considerations,  a  simple  platen  press  concent  was  develop? 
Into  a  design  and  then  fabricated.  Figure  1  depicts  the  tool  which  Is  mad 
of  a  silicone  filled  glass  cloth  material,  classified  a  NEHA  G-7. 
Dielectric  constant  and  loss  dissipation  factors  are  3.9  and  0.003. 
respectively. 

The  mold  tool/cavlty  setup  is  shown  In  Figure  2.  (Note:  only  one 
plate  Is  shown  In  Figure  2.)  The  entire  mold  tool  and  cavity  baseplate 
assembly  drops  down  below  the  cavity  for  loading  the  laminate  and  placing 
the  sensors.  Cnee  the  laminate  is  in  place,  the  too  plate  is  pulled  down 
against  the  laminate  and  bottom  plate.  Then  the  entire  mold  tool/baseplatt 


Figure  1.  Platen  Press  Mold  Tool  Design  for  Use  In  a  7-In.  Dlam 
Resonant  Microwave  Cavity 
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Figure  3.  Microwave  Equipment  Setup  for  Low  Power  Cavity  Tuning 


then  Joined  to  form  one  24-ply  sample.  For  processing  In  the  cavity,  these 
samples  were  wrapped  In  nonporous  teflon  and  glass  bleeder  cloth,  one  layer 
each,  then  envelope-bagged  In  teflon  film  and  placed  In  a  square  silicone 
rubber  dam. 

Heating  patterns  within  the  cavity  were  Investigated  by  placing 
cross-ply  laminates  within  the  mold  tool  perpendicular  to  the  coupling 
probe,  with  a  circle  of  thermographic  paper  between  the  sample  and  the 
platen.  The  sample  was  then  heated  with  120W  of  power  for  10  min.  This 
was  sufficient  to  allow  the  hottest  parts  of  the  laminate  to  heat  to  over 
100®C,  at  which  temperature  the  paper  changed  from  white  to  blacK,  thus 
leaving  a  permanent  record  of  the  sample’s  history.  Trials  were  made  at 
mold  heights  of  0.  25.  57.  and  ?5  mm;  each  mode  that  could  be  tuned  to  at 
each  height  was  Investigated.  It  was  found  that  the  sample-tool  structure 
rendered  the  heating  pattern's  position  Insensitive;  each  pattern  heated 
the  sample  at  the  edge,  leaving  a  cold  spot  In  the  center.  This  behavior 
continued  for  unidirectional  laminates,  circular  laminates,  and  laminates 
oriented  45  deg  to  the  coupling  probe. 

Further  Investigation  using  a  clear  pyrex  disk  In  place  of  the  top 
platen  (allowing  direct  visual  observation  of  the  sample  during  cure)  and  a 
series  of  temperature-sensitive  color  indicators  revealed  that  the  samples 
reached  approximately  170°C  In  30  min  at  120H  of  heating  power;  this  was 
further  verified  by  thermocouple  thermometer  readings  taken  Immediately 
after  the  sample  was  removed  from  the  cavity. 

Samoles  were  processed  under  100  psl  mold  tool  pressure  according  to 
the  schedule  shown  In  Table  I.  Each  set  of  conditions  shown  was  used  to 
V  cure  both  a  unidirectional  and  a  quasl-l sotrcpl c  laminate.  Schedules  1.  3, 

and  4  produced  laminates  which  aopeared  consolidated  to  the  eye  and  ear; 
schedule  2  samples  were  noticeably  overcured.  Each  of  the  unidirectional 
laminates  showed  some  evidence  of  spot-overheating,  from  the  least  case  of 
the  schedule  4  laminate  being  discolored  to  the  extreme  case  of  the 
schedule  2  laminate  having  areas  where  the  resin  was  obviously  burned  away. 

Cured  samples  were  tested  for  flexural  strength  using  a  United  Floor 
Model  Electromechanical  Testing  Machine.  Four,  one-half  Inch  wide 
samoles  were  cut  from  each  laminate.  These  specimens  were  then  used  for  a 
three-point  bending  test  using  a  2-In.  support  span.  After  failure,  a 
representative  of  each  tested  laminate  was  cut  for  testing  In  a 
Perkin-Elmer  PC-Serles  DSC  7  differential  scanning  calorimeter. 


264 


Figure  2.  Mold  Tool /Resonant  Cavity  Setup 

assembly  Is  slowly  raised  Into  place  by  means  of  a  hand  crank  and  gearing 
system.  The  mold  tool  assembly  Itself  can  then  be  further  adjusted  In 
height  within  the  cavity  by  means  of  a  second  handcrank/gearlng  mechanism. 


Microwave  Eoulpment 

The  cavity  In  which  the  sample  Is  cured  Is  a  standard  7-ln.  dlara 
single  mode  2.45  GHz  cavity  made  by  Havemat.  Two  power  sources  were  used. 
A  lower  power  (i200  mV)  sweep  oscillator,  usually  100  MHz  bandwidth 
centered  at  2.45  GHz,  was  used  for  tuning;  that  Is,  to  allow  the  operator 
to  locate  all  the  resonant  modes.  This  Is  shown  In  the  block  diagram  of 
Figure  3.  Axial  field  strength  In  the  cavity  was  sampled  through  small 
ports  located  on  the  cavity  sidewall  using  a  probe  connected  to  a  power 
meter.  Hlth  this  equipment,  resonant  modes  can  be  Identified. 

The ■ equipment  used  for  actual  curing  of  comoosttes  Is  essentially  the 
same  as  the  low  power  setup,  except  that  a  thermal  feedback  control  has 
been  Introduced  and  the  oscilloscope  has  been  removed  from  the  loop  because 
the  frequency  Is  no  longer  sweot  around  a  center  frequency.  The  RF  power 
source  Is  an  Opthos  MPC-4M  wnlch  operates  at  a  continuous  frequency  of 
2.45  GHz  and  at  a  power  level  from  0  to  i20H. 


f 

Ramie  Processing  and  Testing 

Several  samples  of  AS4-3501-6  graph*. te/epoxy  laminated  composites  were 
prtscessed.  One  series  of  samples  was  laid  up  using  12  unidirectional 
piles.  Another  series  was  laid  up  as  quasl-l sotroplc  0/4S/90/-4S  deg 
cross-ply  laminates  12  plies  thick.  These  laminates  were  laid  up  as  12-tn. 
squares,  then  cut  to  3-ln.  square  samples.  Two  such  12-ply  samples  were 
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-  Table  I.  Curing  Schedule 

Cavity 

Hold  Too) 

Sample  No. 

Height 

Height  Power 

Total  Cure 

Series 

(im) 

(mm)  Application 

Time 

1 

120 

57 

Pulsed 

40  min 

Z 

120 

57 

Continuous 

75  min 

3 

60 

00 

Pulsed 

70  min 

^  4 

120 

57 

Pulsed 

90  min 

RESULTS 

Results  of  sample  processing  and  testing  are  presented  In  Table  II. 
Sample  layout  presents  the  orientation  of  the  sample  cut  sections  (dashed 
lines)  relative  to  the  cavity  feed  probe.  As  expected,  the  percentage  cure 
Increases  generally  as  the  energy  (tine)  applied  to  the  sample. 
Furthermore,  the  strength,  as  represented  by  the  flexural  strength,  tracks 
with  the  neasured  percentage  cure. 

Flexural  strength,  which  tests  both  shear  and  compressive  strengths, 
are  approximately  uniform  over  the  samples  for  both  4/X-p1y  and  l/UNIOIX. 
Differences  In  strength  magnitude  between  these  samples  are  due  to 


Table  II.  Cure  and  Strength  Results 

Time  Power  Flexural 
Sample  No./  Applied  at  Cure  by  Strength 
Description  3  H/g  Sample  Layout  DSC  (X)  (Xsl) 


4/X-ply 


90  min 


97.2  75.4 

73.7 

76.2 


4 


4/UNIDIX 


2/X-ply 


1/UNIDIX 


90  min 


75  min 


40  min 


PnOBE 


pnosE 


9B.6 


81 .4 


66.8 


97.3 

74.3 
16.2 

16.4 


18.4 

25.6 

43.0 

15.0 


25.3 

35.8 

27.4 

33.8 
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dlfftrMCts  In  pvrcintafc  of  coring  rtsultlng  fro«  th*  dlfftrtncts  In 
curing  tntrgy  Ctlnc). 

The  large  variation  In  strength  of  the  4/UHIOIX  sample  may  be  due  to 
the  combination  of  probe  location  and  fiber  orientation.  Hlth  the 
unidirectional  orientation  of  fibers,  heat  diffusion  Is  expected  to 
strongly  favor  the  fiber  direction,  and  thus,  not  be  as  effective  at 
spreading  out  hot  spots  as  on  cross-ply  laminates.  Also,  field  coupling 
may  be  different  between  unidirectional  and  cross-ply  laminates  idilch  could 
lead  to  stratified  curing  effects. 

Flexural  strength  vblues  for  the  well-cured  specimens  are 
respectable.  Product  data  (Hercules  Ho.  844-3)  list  a  maximum  room  * 

temperature  flexural  strength  of  260,000  psi  for  a  unidirectional 
laminate.  This  represents  Ideal  layup  and  curing  conditions.  The  samples 
In  the  program  were  not  laid  up  In  an  Ideal  manner.  There  Is  no  assurance 
of  removal  of  Interlaminar  air.  Also,  vacuum  bagging  was  not  used.  Taking 
a  maximum  expected  strength  of  a  cross-ply  to  be  one  half  of  a 
unidirectional  laminate,  then  something  like  130  Ksl  Is  close  to  the  Ideal 
strength  expected.  Sample  4/X-ply  measured  at  about  74  Ksl  Isa  good  value 
considering  all  the  processing  conditions. 


COHCLUSIOHS  AND  FUTURE  INVESTIGATIONS 

Consolidated  graphite/epoxy  laminate  samples  can  be  cured  In  a 
resonant  microwave  cavity  with  respectable  flexural  strength.  Further 
Investigation  Is  required  to  determine  optimum  processing  conditions  and 
limitations  of  the  technique.  Further  empirical  exploration  of  this  cavity 
for  uniform  heating  of  unidirectional  laminates  Is  necessary  In 
particular.  Also,  It  Is  likely  that  mode  stirring  and  multimode  cavities 
will  be  explored  for  more  complex  shapes  than  the  3-ln.  square  test  samples 
used  to  date. 
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ABSTRACT 

Tcadltlonally,  pelyaocle  eompoalco  parca  ara  haatad  and  eonaoLidacad 
an  aucaelava.  Foe  larsa  pacta,  auch  aa  traaapocc  alcecaft  fuaalagaa  < 
aubmarlaa  huUa,  ai.xa  baeoaaa  a  llalclns  factor.  To  ovareoma  thAa  UmAtJ 
clan  aad  ta  caduea  labor  eoata  vm  ara  davaloplag  aa  aaconacad  tapa  plaeaaai 
pcocaaa.  In  tbia  pracaaa  wa  build  eompoalta  parta  ona  layar  at  a  tiaa  vit 
Capa  eoataiaiaf  carbon  flbara  Ispragnacad  vicb  a  CbarBoplaacic.  Aa  cha'  tap 
eemaa  into  contact  with  tha  part,  wa  apply  boat  to  nalt  cba  tbarmoplaacl 
and  apply  praaaura  to  eonaolidata  tha  tapa  to  tha  pact.  To  support  thl 
effort  wa  hava  davalopad  a  proprlatary  Bicrowaua  applicator  chat  la  auitabl 
for  rapidly  haatiag  cacboa-fibac  eostpositaa  in  an  automatad  tapa  placaaaa 
proeaaa.  Small  earboa-fibar/poly(acyl>achar-athac>katona)  parta  laada  uain 
tha  aicrowava  applicator  have  intarlamlnar  shaar  atrangtha  of  100  M? 
(14.5  kai),  which  ia  almost  a<{ual  to  tha  103  MPa  (15.0  kai)  obtainad  uain 
an  autoclava. 


IHTR0DUC7I0M 

Traditionally,  cottpoaita  parts  have  baen  formed  using  autoclavi 
taehniquea.  For  large  parts  such  aa  transport  aircraft  fuselages,  sisi 
bacoaaa  a  limiting  factor.  Tape  placement  csiploying  mierovave  heating  has 
been  proposed  aa  an  altemativa  to  autoclave  consolidation.  In  this  proc^a 
we  will  build  composita  parta  one  layer  at  a  time 'with  cape  containing 
carbon  fibers  impregnated  with  a  thermoplastic.  Aa  the  tape  cornea  iatc 
contact  with  the  part,  we  will  apply  microuevas  to  heat  and  melt  the  thermo- 
plaatic  and  apply  pcassura  to  eonaolidata  tha  tapa  to  tha  part,  aa  shown  in 
Figura  1.  One  or  moca  infrared  tasperacure  sanaors  will  be  uaad  to  control 
tha  microwave  power  to  tha  applicator. 

Tha  use  of  alaccromagnacic  anargy  in  tha  microwave  frequency  range  haa 
bean  axplorad  aa  an  anargy  aourca  for  tha  consolidation  and  cure  of  com- 
P®alta  matariala  in  nusMirous  studies  over  cha  past  daesda.  Parcaivad  ad- 

ItaL  Rea.  Sac.  Srntp.  Pme.  VoL  1M.  aim  lUlartaU  "-TITCII  Sodaty 


FicBrc  L  CoBopt  «ira«ui|;  riMwiaf  «m  at »  mienmmra 

Bpptiartaroiatapt-phcfinrBtpaitfomimdencg. 


iraacagM  arc  sor*  affieiaat  anargsr  us«  [1,2],  ahor^ac  proeaaaing  e7elaa  (3] 
asd  adapcablliC7  so  arsificial  iatalligaBca  control  of  tba  processing  e7cle. 
A  ▼ariety  of  waveguide  and  cavity  microwave  applicators  have  been  tried 
unsuccessfully  to  heat  continuous  carbon  fiber  reinforced  composite  materi¬ 
als  fij.  The  principal  istpediaent  is  that  when  the  incident  electric  field 
is  polarized  parallel  to  the  fibers,  nearly  total  reflection  occurs.  For 
cross  aligned  fibers,  nearly  total  transaission  results.  In  either  case, 
there  is  insufficient  energy  coupling  and  heating  of  the  material  to  achieve 
consolidation  or  cure. 

The  objective  of  this  program  was  to  show  that  microwave  energy  can  be 
efficiently  coupled  into  continuous  fiber  reinforced  composites.  The  effort 
focused  on  the  coupling  problem  with  conductive  fibers  since  that  was  the 
major  barrier  preventing  the  wide  spreed  use  of  this  technology  for  struc¬ 
tural  composite  processing. 


MICSOWAVE  HEATIHG  OF  CAJUON-FISEil  CKCOSITSS 

Microwave  heating  of  a  carbon-fiber  composite  is  caused  by  resistive 
losses  encountered  by  the  induced  conduction  currents.  This  is  signify— 
candy  different  from  the  heating  of  foodstuffs  in  a  conventional  microwave 
oven  where  dielectric  losses  occur.  In  the  carbon-fiber  eompoaitae  the 
conduction  currents  are  large  and  the  voltages  are  smallt  i.e.,  the  carbon 
fiber  composite  has  a  very  low  microwava  impedance  of  the  order  of  O.S  ohaa. 
In  moot  foodatuffa  the  voltage  ia  large  and  the  dielactric  diaplaceaenc 
currents  are  amalli  i.e.  •  foodstuffs  have  a  modecataly  larga  microwave 
impedance  of  the  order  of  100  ohaa.  Fortunacaly,  tha  microwave  impedance  of 
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air  l»  abeuc  377  ahu|  chua,  alerowavaa  la  a  slcrowava  ovaa  coupla  vail  vtzh 
aaac  foodacuffa.  Tba  vary  low  Is^adaaca  of  earboa-flbar  coapoalcaa  eauaaa 
Cba  alerowavaa  la  a  aierawava  oaaa  Co  ba  raflaecad  fcon  chair  aurfaca  and 
vary  llccla  haacinc  oecuca.  Thuat  our  objaeclva.waa  eo  daalgn  a  aierowava 
appUeaeor  chae  vould  eeupla  alerowavaa  Inco  low  Izopadanea  carbon- flhar 
eoapoalcaa  Co  ada<{naealy  haac  ehaa  for  flbar  plaeaaane  and  fUaaanC  wladlns 
praeaaaaa. 

Tha  conduce Ivley  of  carbon-flbar  coo^poalcaa  ae  aierowava  fraquanelaa  la 
larsa  anoush  co  aaclafy  Cha  coadlcloa  (S-d] 

a  »  2»f«  ,  (1) 

wtaara  9  la  cha  eondueclvlcy  (S/a),  f  la  cha  rf  fraquaney  (Bz),  and  e  la  cha 
dlalaeerle  paraleclvlcy,  which  la  of  cha  ordar  of  cha  fraa-apaca 
pazaleclvley,  ■  8.854x10"^^  F/a.  Whan  chla  eoadlelon  la  aaclaflad  and 
Cha  dlaanalona  of  cha  coapoalca  ar«  aneh  lar^ar  chan  cha  akin  dapch 

5  -  (2) 

whara  /I  la  cha  aafsacle  paenaabllley,  uaualXy  aqual  Co  chac  of  fraa  apaca 
■  4r  «  XO*^  H/a,  Chan  ewo  alapllfylng  approxlaacioaa  can  ba  aada  which 
faelllcaca  Cha  ealeulaclon  of  cha  rf  flald  in  cha  coapoalca  [7] 

1}  craac  cha  objaec  aa  a  aupareonduccor  tdilch  la  lapeaacrabla  by  cha 
r£  aagnacie  flald;  l.a.,  cha  rf  aasoaclc  field  ac  Chc  aurface  la 
parallel  Co  cha  aurfaca,  and 

11}  break  cha  aurfaca  of  Cha  objaec  laco  amall  regions  chac  arc 
eonaldarad  Co  ba  planar  laco  which  plaaa  alaccronagneclc  waves 
propagaca  nocsal  Co  cha  aurfacca. 

Tha  sagnacle  Incanalcy  H  (aspara  cuma/a)  of  cha  plana  aleccroaagnacic 
wave  propagaclng  laco  a  eondueclng  objaec  decays  cxponcnclally  wlch 
lacraaalng  dlacanca  laco  Cha  objaec  as 

H(d)  ■  czp<-d/d). 

where  la  cha  aagnacic  lacanalcy  ac  cha  surface  and  d  la  cha  dlacanca  froo 
Cha  aurfaca  along  cha  pcopagaclon  pach.  The  conducclvlcy  of  carbon-flbar 
eowpoaicas  la  aalaocroplc.  For  fiber  placeaanc  and  filamanc  winding 
proeaasas  cha  conducclvlcy  of  chc  composlca  In  a  diraccion  lying  In  cha 
plana  of  cha  plias  and  ac  righc  anglaa  co  chc  rf  magnecic  flald  diraccion 
(l.a.,  in  a  diraccion  parallel  co  Cha  rf  alaccric  field]  is  cha  appropriaca 
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•l«ecris»l  eoniuceinrlcj  to  In  th«  axprMaian  £ae  tha  aHn  4«peh.  Thi* 
«m4««iaiep  4«e.rala.d  so  ba  25,000  S/n  foe  tTplcal  c.cboa-fibar  era.— 
ply  eaBpo.l5.  nararlal.  tS.fi.a].  If  th.  .tsanuatlon  axparlancad  by  a  plaa. 

a...  prap.s«=i«l  laea  tba  «ir£.e.  a  dl.caaea  i  Lm  t*^Lsm4  in  41,  it  can  ba 
ealenlarad  fres 

Aeraaaacion  -  8.68  4/5  (  48).  (4j 

tha  r£  paiiar  eroa.ia*  a  unit  araa  (W/«^)  ae  cha  loeattion  4  im  glvaa  by 

m 

?(d)  -  CH(4)]^  .  (5) 

Tba  ^ascicy  i.  tba  alaetrical  ispadanea  of  a  eonducclag 

ia  0.62  ohms  ae  2.45  CH*  for  eompoaltaa  having  a  conduc¬ 
tivity  of  25,000  S/a. 

Ia  our  previous  vorh  wa  dccerctined  that  a  power  density  of  about 
1000  W/«  would  be  required  to  heat  carbon-fiber  composites  in  a  filament 
winding  manufacturing  process.  Using  this  power  density  at  d-0  in  aquation 
(5),  with  a  conductivity  of  25,000  S/m  and  a  frequency  of  2.45  CH*,  yields  a 
■agnetie  intensity  at  the  surface  of  4020  anpere-turas/m.  Generating  this 
magnetic  field  at  the  surface  presents  a  problem.  For  example,  if  this 
intensity  were  to  be  generated  by  causing  a  current  to  flow  from  t 
1  cm  wide  electrode  to  the  eosposita  surface,  across  a  I  cm  length  o^ 
composite  to  another  1  cm  wide  electrode,  the  current  would  have  to  b« 
40.2  amperas  and  the  voltage  across  the  electrodes  would  then  be  24.9  volt- 
(40.2  UBperas/cm  times  24.9  volts/cm  equals  1000  W/ca^).  It  is  obvious  tha 
this  amount  of  current  passing  between  the  1  cm-wida  electrodes  and  th 
themoplastie-eoated  carbon-fibers  would  result  in  considerable  arcing 
•■P*tl*ll7  when  the  electrodes  arc  required  to  slide  across  the  composit 
during  the  filament  winding  process.  Thus,  such  an  applicator  la  ne 
appropriate. 

As  a  result  we  designed  a  proprietary  microwave  applicator  that  do, 

®ot  require  currents  to  flow  between  the  applicator  and  the  surface  of  t! 
compoaite  material.  We  are  in  the  process  of  patenting  this  microwa* 
applicator,  so  it  can  not  be  described  in  detail.  Ita  efficiency  w 
estiisaced  to  be  172  and  it  was  measured  to  be  greeter  then  672. 

the  microweve  beating  aa  e  function  of  depth  in  the  compoeite 
governed  by  Equetions  (2)-CS).  Equation  (2)  predieta  the  akin  depth 
2.45  CH*  to  be  0.064  mm  for  a  conductivity  of  25,000  S/m.  Thla  akin  def 
is  about  one  half  the  thickness  of  e  typical  carbon-f iber/thertsoplast 
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tap«t  which  i*  MdvmatMfuaam  toe  «  tiharmoplMCic  Ccp«  plccMMac  pcoc«««  wb«c« 
hacCiat  oalT  a  aiacl*  Capa  and  a  chin  layac  an  cha  aurfaea  ot  Cha  pare  ia 
ea^tticad*  HaaCln(  ca  auch  (caacac  dapeha  would  waaca  mamrgy  and  aighe 
•dracaalp  dafarn  cha  pare. 

TtSTS  OSIHG  THE  MIOtOUAVE  AE?UCATOR 

A  pra>focaad  earbaa>£lbar  polp(ar7l-achac>achac-kacoaa)  (?C£X)  plaea, 
0.6A  at  Chick  and  weighing  0.52  kg  waa  inacallad  on  cha  and  of  cha  appli- 
eacar.  tha  aierowaiaa  powar  aupply  waa  cueaad  on  and  oparacad  ae  powar 
larala  fron  1,000  wacca  ca  2,400  wacca  Cot  a  paciad  o£  chcaa  ninucaa.  Tha 
Cocal  anaegy  Cranafarrad  inco  cha  eawley  waa  5160  Wacc-oinucaa .  Tha  Caspar- 
acuza  of  cha  apaeiaan  coaa  Co  about  278*C.  fcoa  cha  casparacura-riaa 
lafotaacian  and  cha  known  apaeific  haac  tha  aaclaacad  affieianey  of  coupling 
of  cha  anargy  Inca  cha  apaeiaan  waa  67*. 

A  piaca  of  carbon-fibar/PEDC  unidiraecional  aingla-ply  capa  0.15  sa 
Chick,  15  eai  wida,  and  25  ca  long  waa  capad  down  Co  cha  back  of  a  pra- 
eonaolidacad,  croaa-ply,  earboa-£ibar/?£OC  panel.  A  Sapeon  fila  waa  placed 
over  chia  Capa  and  aaalad  co  cha  place  ualng  a  high-casparacura  ?caaa-Tica 
aaaling  eoapound.  Tha  bag  waa  chan  avacuacad  co  pcovida  a  clasping  praaaura 
of  about  0.1  K?a  baewaen  cha  aurfaea  of  cha  place  and  cha  Capa.  A  charsa- 
eoupla  waa  accachad  co  cha  oucaide  cancer  aurfaea  of  cha  place  and  cha 
power/ciaa/casparacure  meaaureaenca  were  recorded  during  a  aicrovava  heating 
axpariaanc,  aa  aho«m  in  Table  I. 


Tabic  L  BcsiUts  of  akrowaTC  bcatiag  aperisent 


Forward 

(vua) 

Reflerted 

(waa) 

laoaaMatai 

tea 

(esc) 

teperanire 

(•Q 

IJXX) 

175 

120 

93 

uxja 

375 

30 

143 

zooo 

500 

30 

154 

UJCO 

500 

30 

190 

2.000 

dOO 

30 

ins 

0 

0 

«0 
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Tha  aampla  waa  rwaoved  froa  cha  caac  chaobar  and  axaiainad.  The 
apaeiaan  had  baeoaa  ao  hoc  in  cha  eancar  of  cha  place  chac  Cha  Cepcon  bag 
waa  charred.  Whan  cha  Eapeon  bag  waa  rcsKrved  we  observed  chac  cha  Capa  waa 
bonded  Co  Cha  original  pre-conaolidacad  place.  About  half  of  this  bonded 
region  sh^fad  a  shiny  surface  having  assancially  cha  idancical  characccr- 
isCicM  of  cha  pra-eaosolidacad  place. 


thm  Samitta  b<ra41a$  a£  sls«  z»  "h‘“  pern  ■<^nn■oT■i  ^^g^4  akcarljd.,  '  • 

•dais:«4l7  ersrfa,  is  eass£d«c«£  »  b«  «  am  joe  memo  is  =!i«  4w«lapis«8C  a£ 

OM  sf  alerawKVM  foe  faraing  asafiii  aectteearaa  fraa  saBdass^'r*  Ohms  aacar* 
iaJs*  Vick  this  davalspoMSS  is  bmeommm  saneaipcaall^  £aaa£^Ia  :a  daraaXas  a 
saBSiasaas  S^a-flaeasMSS  procaas  is  vhieh  emcboa-££bmg/zhmss»oplMmed^  •mnmm 
mgm  ^waad  aaca  a  ^andgal  M  pradaea  osafoX  aeroatssaa. 

tbm  slegawaaa  appT  firaeag  aaa  also  aaad  za  aakm  aslsl-Isfar  earben- 
£|^a£/?CZ  eaaipasl£aa  aa^laa  aoisafala  far  awaaitriss  Sixafr  israslasiaar 
abaar  asrangrrh.  tSMaa  aaaplaa  waca  aada  bp  band  aearfciss  a  •ml-i-Iapa; 
aeraesara,  ^raessai  bagsiss  Xc*  ani  baacisj  is  wl=!t  tba  aicrowaaa  appiicasar. 
iaaaaaa  rba  alaraiaaaaa  baacad  aalp  Sba  sap  lapar,  abottC  smb  atsaraa  ^re 
ra^alrad  fat  Sba  baas  Sa  paaaesasa  alX  tha  Lapara.  Tba  saaatirad  issatlA- 
isar  sbaar  acsaacs^  a£  sbaaa  aasplaa  rastad  fras  98  so  iOl  (1^*2  sa 
14,?  hsl).  TJlta  eaaparaa  fatorablp  wtsb  aucaclava  praeaaaad  cacban-fibar/ 
nSZ  taaplaa  vfaaaa  issaslasiisar  ihaat  aerangsb  ia  abens  103  ii?a  (L5.0  kai) . 


CSHdSSIONS 

Wa  bava  daaanacrasad  SbaC  is  ia  faaaibia  Sa  affiaieacip  eaaa-e 
Biesowwa  porwar  isca  a  earbos-fibar  eaapoatsa  pars  uaias  *'*-  prapriacarp 
alcrawaaa  appliaacar.  tba  daaiga  aC  shia  applicacac  ia  attisaala  far  aaa  ir. 
auceraacad  sapa  plaecaaac  aasufaessriag  praeaaaaa. 
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